Studies on Inorganic Ion Exchangers and Ligand Exchangers by Agrawal, Archana
STUDIES ON INORGANIC ION EXCHANGERS 
AND LIGAND EXCHANGERS 
SUMMARY 
THESIS SUBMITTED FOR THE DEGREE OF 
JBottor of $titlQi$opt)p 
IN 
CHEMISTRY 
BY 
ARCHANA AGRAWAL 
DEPARTMENT OF CHEMISTRY 
ALIGARH M U S L I M UNIVERSITY 
ALIGARH (INDIA) 
1989 
v^ '" 
k V ^ -
.- /-sso^ , '} 
•Sc c' 
f*-^ i4l'^^-
SUMMARY 
The thesis entitled "Studies on inorganic ion exchanger 
and ligand exchangers comprises of five chapters. Chapter I 
is general introduction covering the background of the work 
presented in this thesis. 
Ion exchange is a wide spread phenomenon in analytical 
chemistry. New ion exchange materials are being synthesized 
at a rapid rate. Ion exchange processes are useful in 
separation, removal and recovery of ionic species. These 
processes may also find use in ion transport device , fuel 
cell preparations and catalysts development. Looking for the 
growing interest in the physical chemistry of ion exchange, 
emphasis has been given to the thermodynamic, kinetic and 
adsorption studies on an ion exchanger. 
Theory of ion exchange can be understood by the 
knowledge of thermodynamics. For the better understanding of 
thermodynamics various theories and models have been 
de-Mieloped. (The ion exchange equilibrium can be represented 
by a general formula as: 
7 + B '^  1 + A 
where bar represents the exchangeyphase. The thermodynamic 
equilibrium constant can be written as: 
Ka 
"^ A ^B 
This Ka value is further useful in the calculation of 
various thermodyanmic parameters like A G » AH & AS. 
Although thermodynamic studies of ion exchange helps in 
investigating the conditions at equilibrium but it provides 
no information about the mechanism of exchange from one 
state to the other and the time required there on. Thus 
kinetic studies are performed to take these factors into 
consideration. Kinetics depends on the surface area and 
hence, the particle size and macroporosity of the exchanger. 
The possible rate determining steps may be (i) chemical 
exchange (ii) particle diffusion and (iii) film diffusion, 
depending on, which ever is the slowest step. Generally 
chemical reaction is a fast reaction so the rate is 
determined mostly by the particle diffusion or by film 
diffusion control. 
When a solution containing some solute comes in 
contact with a solid some of the solute is taken up by the 
solid and this phenomenon is called as "sorption". 
Sorption can be classified as physisorption or 
chemisorp-tion. Both of -them differ in their enthalpies. To 
understand the nature of adsorption the most convenient way-
is the plotting of adsorption isotherms. 
The second chapter /deals with the equilibrium studies 
2 + for the sorption of Cu on lanthanum diethanolconine a new 
ligand ion exchanger", an attempt has been made to develop a 
ligand ion exchanger by combination of lanthanum nitrate and 
diethanolamine. The material so obtained behaves as a ligand 
exchanger, though basically an anion exchanger. To 
2+ 
understand this behaviour, the sorption of Cu"^  on La-DEA is 
studied in detail. Rate of sorption is fast at the start and 
slows down reaching to a maximum value after 42 hrs. The 
equilibrium studies were performed by batch process, shaking 
for a period of 42 hrs. Sorption isotherms were obtained by 
plotting X/ni vs ce. These plots show the variation of 
sorption with the increasing temperature revealing a very 
complex behaviour. Regression coefficient (R) values for 
langmuir equation and Freundlich equation show that sorption 
2 + 
of Cu on La-DEA obeys langmuir equation because R 
approaches to unity in this case and not in Freundlich 
equation. Equilibrium constant for adsorption were obtained 
and various thermodyin^mic parameters viz. Z\H, i^S, AG are 
computed using least square method on VAX-11 computer. 
Isosteric enthalpies of adsorption A Hm were also computed 
for the different sets of temperature and for the whole 
range of temperature (20-80''C). For the physical 
characterization of this material TGA, IR, XRD and ESCA 
studies were performed. Thus it was concluded that the 
2 + 
sorption of Cu on La-DEA is neither solely chemisorption 
nor physiosorption but a combined process showing both the 
behaviour. An attempt has been made to give the tentative 
structure for this exchange material which helps in the 
elucidation of mechanism of sorption. 
The third chapter deals with the ion exchange 
equilibrium of some alkaline earth metal ions and some 
transition metal ions on Amberlite IRC-718 a chelating 
material. Amberlite IRC-718 is a weakly basic ion exchanger 
containing a chelating functionality due to the presence of 
imino acidic group. This chelating functionality has several 
active sites which coordinate with certain metal ions and 
render them tightly bound. This resin can function over a 
wide pH range hence this resin can recover heavy metal ions 
effectively, elution is 100% from this resin. 
Survey of the earlier literature shows that only a few 
thermodynamic studies have been made on organic ion exchange 
resins. Thus thermodyhamics of alkaline earths and some 
transition metal ions were studied on this resin in sodium 
form. A simple approach has been made using a batch process 
for equilibrium based on the mass action law modified in 
terms of activities. GluMkauf's method was used to calculate 
the solution activity coefficient. Thermodynamic equilibrium 
constant (ka) was calculated by Gaines and Thomas method 
after normalising the X^ values as Xj^  never approaches 1 
in the present studies. 
Various isotherms plotted indicate that the bivalent 
cations are preferred the by the resin than the Na ion. The 
selectivity sequence is in the order. 
Ni^S Cu2+> Ba2+> Sr2-*-> Fe^S Ca^S Mg^S Pb^S Mn^S Ag^ 
The results of selectivity coefficient (Kc) indicate that 
with the increase in temperature the value of Kc decreases. 
Kc values also change with the increasing concentration 
irregularly. But the increase in Ka value with the rising 
temperature suggests that uptake of metal ions studied is 
favoured rather than Na ion at high temperatures. 
Posit-ive enthalpy and entropy changes suggest an 
endothermic process hence a stronger bond formation between 
the exchange matrix and the competing cations. Which is 
again confirmed by the negative value of free energy. 
The thermodynamics of cation exchange was al.so studied 
on Duolite ES-467 a ligand ion exchanger. Thus the fourth 
chapter describes the ion exchange equilibria of alkaline 
earth Cu'^  and Pb ions on this chelating material. This 
exchanger contains and amino phosphonic group forming stable 
complex with the metallic ions. The advantage of Duolite ES-
467 over other chelating resins containing other chemical 
groups such as iminodiacetate group is an improvement in 
thermodynamics. Equilibrium studies were performed by batch 
process. Temperature influence on the exchange equilibrium 
of alkaline earth metal ions and Cu and Pb with Na has 
been described in this chapter for a temperature variation 
of 10-50''C. The exchange isotherms are plotted for the above 
mentioned ions and the results indicate a differential 
selectivity. The selectivity sequence is in the order. 
Mg2+ > Cu2+ > Ca2+ > Pb^^ > Ba^^ > Sr^ "^  
Various thermodynamic parameters were calculated and 
the results summarized in the text again indicate the 
preferential uptake of bivalent cations than the monovalent 
Na"^  ion. 
The fifth chapter entitled "Mechanism of cation exchange 
on Amberlite IRC-718 a chelating material" comprises the 
studies of kinetics on a synthetic ion exchange resin 
Amberlite IRC-718 a chelating exchanger material. The 
exchanger has been taken in Na form and kinetics of 
exchange reaction of alkaline earths, Cu and Pb ions has 
been performed on this exchanger, U(t) values at four 
different temperatures 10, 30, 40 and 50°C with + l-'C 
variation have been determined and corresponding Bt values 
have been plotted as a function of temperature. The results 
have been compared to those obtained from Nernst Planck 
equation and the recent ash model. The mechanism is found to 
be particle diffusion control. Interruption test has also 
been performed to decide the exchange mechanism. 
Rate of exchange is directly proportional to 
temperature (t) and inversely to particle radii (r). Various 
parameters like effective diffusion coefficient (Di), 
diffusion coefficient (Do), activation energy (Ea) and 
8 
entropy of activation (as*) have been calculated. Knowing B 
and r values Di has been calculated by the formula: 
B r^  
Plots of -log Di against 1/T give the Do values as 
intercept and the Ea values as slopes. The entropies of 
activation have been calculated by the equation: 
Do h AS* 
= __„ ... (2) 
2.72 d"^  KT R 
Kd values in DMW for different metal ions studied were 
found in the order: 
Cu2+ > Pb2+ > Mg2+ > Sr^ "^  > Ba2+ > Ca^ "^  
whereas the mobility rates and activation energy are in the 
order 
Ba^ "^  > Sr^^ > Ca2+ > Cu^^ > Pb2+ > Mg2 + 
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ions. 
Chapter-I 
MroductioH 
There are two phases of analytical researches viz. 
(1) To develop the techniques for chemical analysis. 
(2) To study the mechanism and theory of these techniques. 
Ion exchange is a wide spread phenomenon in analytical 
chemistry. New materials which exhibit ion exchange 
behaviour are being syntViesized at a rapid rate. Ion 
exchange processes are useful in separation, removal and 
recovery of ionic species. These processes may also find 
utility in ion transport devices fuel cell preparations and 
catalysts development. A better understanding of these 
processes can be developed by thermodynamic and Kinetic 
studies in order to relate theories with experiments. 
Theory of ion exchange and the underlying mechanism 
involved in the exchange process can be understood by the 
knowledge of thermodynamics and kinetics respectively. The 
thermodynamic study is of course the study of chemical 
equilibria. Rigorous thermodynamics however gives an 
inherently abstract treatment devoid of the mechanical or 
microscopic images which would lead one to a feeling of 
greater intimacy and understanding of the phenomena. The 
most successful treatments have been based on the model 
which incorporates observed physical characteristics. Yet 
properties of any particular model are reflected not only in 
the form of equations obtained but usually also in the physical 
interpretation to which these equations lead. In the case of 
organic exchanfiers the most successful models take into 
account the swelling observed when the resin change the 
environment or the ionic form. Hence various theories and 
models were developed in this respect having their own 
merits. 
In one approach attempts have been made to correlate the 
activities with some measurable quantities with the 
thermodynamic equations. The earliest approach was based on 
^mi-empirical or empirical equations to fit in experimental 
results. Gans gave the first quantitative formulation of 
ion exchange equilibria using the law of mass action in its 
simplest form which was extended by Kielland.^ The formula 
did not involve the concept of activity coefficient. A 
suitable choice of the general treatment was given by Qaines 
and Thomas. However Gregor was able to relate selectivity 
to hydrated ionic volumes in his semi- quantitative model. 
Rigid structure, negligible swelling pressure and a 
differential selectivity has made the study simple on 
inorganic exchangers. When an exchanger in counter ion A form 
is placed in a solution of counter ion B there will be an 
equilibrium set up for the distribution of A and B between 
the exchanger and the solution phase according to their 
n 
solec-tivity for the exchanger phase. At equilibrium this 
exchange process may be represented as 
"A + B (aq) ^ =2i'B + A (aq) - (1) 
Where bar represents the ion in the exchanger phase. 
For the sake of convenience the effect of co-ion on the 
equilibrium may be neglected. The thermodynamic equilibrium 
constant for the above reaction may be written as 
TB a^ [B] [A] ^B . fA 
a^aB [A3 [B] i^^ . f g 
Where o represents the activity coefficient in the exchanger 
phase and f is the activity coefficient in the solution 
phase. Thermodynamic equilibrium constant is particularly 
used to find out the free energy changes of the ion exchange 
processes by the expression 
/^  G = - RT In Ka ... (3) 
The ionic selectivity is governed by the lowering of free 
energy of the system which gives the information about the 
preferential uptake of the counter ions by the exchanger. Ka 
values at different temperatures give the value of enthalpy 
change. Changes in the number and the strength of the bonds 
involved in the ion exchange reaction is directly related to 
enthalpy changes. The ion exchange reaction (equation-1) 
provides that structural changes within the exchanger are 
small, the most important factor influencing the entropy of 
equally charged ions will be expected to result from changes 
in liberation entropy may also play an important role and 
the overall entropy will reflect changes in randomness in 
the ion exchange reaction, the driving force being the 
tendency for the system to go to the most probable i.e., the 
most random state. 
The ion exchange equilibria of alkali metal ions was 
studied by Larsen and Vissers and Gal and Ruvarec on 
amorphous sirconium phosphate of various compositions and 
properties. Ion exchange thermodynamic studies have been 
extended on more defined semi-crystalline and crystalline 
fi-1 fi 
zirconium phosphate for alkali cations." ^ The 
thermodynamics was interpreted in terms of the bonding 
between alkali metal and the exchanger matrix. Recently the 
ion exchange equilibria on Co(II) hexacyanoferrate (II) have 
17 been made by Ceranic and Adamovic. Similar studies have 
also been reported on hydrous zirconia acting as anion 
exchanger by Nancollas. ° Studies on zeolites have also been 
made to a greater extent. 
5 
Thermodynamic studies for alkali metals on 
iQ 20 21 
ferricantimonate ' niobium arsenate, Zirconium 
22 23 
triethylamine, thorium tetracyclohexylaroine were made 
in our laboratories. Some of the equilibrium studies on 
different ion exchange materials with various systems and 
their parameters are given in table 1.1. 
Thermodynamic studies have also been performed on 
various anion exchangers. The reversibility of Br-NOg 
exchange on hydrous zirconia was demonstrated by Kraus. 
The thermodynamics of Cf-NO^, C1-SCNT and SCN^NOg exchange 
on hydrous zirconium oxide was studied by Nancollas and 
Af^ Art 
Paterson. Ruvarec and Tartanj studied the thermodynamics 
"* 2" -* oC 
of CI and SO^ in NO3 form of hydrous airconia at 25-80 
Thermodynamic equilibrium constant was evaluated and then 
the other parameters. The use of mixad solvent systems like 
methanol - water system changes the value of A G^ -^ H ^  AS on 
hydrous Zirconia and hence the selectivity coefficient is 
affected. Misakard Mikhail ^ studied the thermodynamics of 
NO3 - Cr^NO^ - Br* , NO3- SCN" exchange on hydrous Ceria. 
Various models like Eisenman model, may throw 
some light on the anion exchange phenomenan 
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but, certain factors like non coulombic electrostatic 
attraction and oxide entropy changes have been ignored in 
this model. 
Although thermodynamic studies of ion exchange helps in 
investigating the conditions at equilibrium, but it does not 
provide with any information about the mechanism of change 
from one state to the other and the time required there on. 
The kinetics of exchange takes these factors into 
consideration. 
The kinetics depends on the surface area of the ion 
exchange particles. Thus where diffusion rate or Kinetics 
are of importance. Particle size and macro porosity of the 
exchanger become important parameters. The Kinetics of a 
simple homogeneous chemical reaction is governed by their 
differential rate of reaction depending on the disappearance 
of product or formation of reactant with time. 
A X + By ^=^ product 
Rate = K • X^ • y^ 
where K is the rate constant and (X) and (y) are the 
concentrations of reacting species. The powers A and B are 
the orders of the reaction with respect to X and Y 
respectively. 
]u 
The Ion exchange process is however quite different in 
many respect from such simple chemical reactions. In the 
first case it concerns a reaction which involves the 
transport of ions from solution to exchanger and vice versa 
i.e. ion exchange process constitutes a solid phase in 
aqueous solution and hence is heterogeneous. Secondly in 
dilute solutions there is effectively no electrolyte 
penetration into the exchanger and hence the co-ion has no 
part to play in the overall reaction mechanism, and thirdly 
the electroneutrality is maintained every time, hence, the 
exchange process is stoichiometric, this coupling of the 
flows of the entering and leaving ions simplifies the 
treatment of ion exchange kinetics. 
For an exchanger in A'form placed in an solute with B 
as counter ion, following steps may be considered. 
1. Migration of counter ion A' from exchanger to the 
adhering film of the particle 
2. Migration of A' from film to solution 
3. Chemical reaction between A and B' 
4. Migration of B from solution to film 
5. Migration of'B'from film to the particle. 
Since the slowest step is the rate determining step 
hence all the above steps are considered. Thus three 
distinct type of kinetic processes may be considered in an 
ion exchange process. 
a. The film diffusion control (FDC) ie. inter diffusion of 
counter ions in the adhered film. 
b. Particle diffusion control (PDC) ie. inter diffusion of 
counter ions in the ion exchanger itself. 
c. Chemical reaction control between two types of counter 
ions. 
It is important to note that till now all the kinetic 
studies were found to depend either on film diffusion or on 
particle diffusion and not on the chemical exchange 
reaction. Furthermore, the rate determining step also 
depends upon the experimental conditions. 
Nachod and Wood have made the first serious attempt 
on the kinetic studies of ion exchange. They have studied 
the reaction rate with which ions from solutions are removed 
by the solid ion exchanger or conversely the rate with which 
the exchangeable ions are released from the exchanger. Later 
on Boyd et. al have studied kinetics of metal ions on the 
resin beads and have given a clear understanding about the 
particle and film diffusion phenomena which govern the ion 
exchange. 
12 
C O 
Reiohenberg confinnsd -fchat at high concent,ration the 
rate is independent of ingoing ion (particle diffusion 
control). Nancollas studied the kinetics of Na^ -H"*" exchange 
on crystalline zirconium phosphate. The exchange rate is 
initially fast and then becomes slow suggesting a change in 
crystal structure. Fuga and Kikindai studied the kinetics 
of ion exchange between alkali metals and Zirconium 
antimonate in H"*" form at 25°C. They found that the rate of 
reaction increases with the atomic number of the cation. 
Costantino et al have studied the self diffusion of 
Na"*" and K^ ions on micro crystals of Zr(NaP04) . 3H2O and 
Zr(KP04). 3H2O and modified Ficks equation to take into 
account the non-uniformity of the particle size. The 
equation obtained have been employed in a study of self 
diffusion rate of Na and K ions in the above exchange. 
Some work on kinetics has also been done in our 
laboratories. A kinetic study of exchange of cations kg^ 
alkaline earth metals, Y^ "*", and Th* was made on tantalum 
arsenate. It was a P.D.C. mecVianism. The kinetic study of 
Ag*. Zn^^, Cd^ J" Hg^ "^ , La^"^ and Th^'^ions on Fe(lli; antimonate^'has 
been made at different temperatures. Here again the 
mechanism is P.D.C. Similar studies were made on Stannic 
CO 
arsenate. Various kinetic parameters have been evaluated. 
Much of the kinetic studies have been done on the synthetic 
organic ion exchange resins by Junge et al and 
others.60-74 
The preparation of an anion exchange resin with good 
chemical and thermal stability remains an outstanding 
problem. The anion exchange resins are usually prepared by 
introducing an amine or ammonium group as a source of 
posit,ive ionogenic groups into polystyrene divinyl benzene 
copolymer, through a Friedal-crafts condensation. The common 
ion exchangers are based on triethylamine. An inorganic ion 
exchanger can be prepared by introducing triethylamine group 
into the hydrous oxide of a trivalent or tetravalent metal 
ion. The amine group may also act as a chelating group to 
certain cations and hence such a material may be useful in 
two ways. 
(1) As an anion exchanger 
(2) As chelating ion exchanger 
Conventional ion exchangers are practically insoluble 
cross linked polymers that contain either basic or acidic 
functional groups in a high concentration. These functional 
groups are tightly attached to the polymer matrix and are 
commonly introduced into the basic solid copolymer by a 
u 
substitution reaction. Practice however has proved this 
method to be seldom applicable in the synthesis of a 
chelating resin. 
Above all the resin should Viave in addition to the 
demanded selectivity, sufficient mechanical and chemical 
stability especially towards acids and bases which are used 
for the regeneration of the resin. In the practical 
performance of a separation, dimensions of the column and 
the amount of resin required should be as small as possible, 
consequently a resin should have an effective exchange 
capacity of at least 1 meq/gm(referred to the air dried 
materialY 
Furthermore, it is necessary that the rate of the 
complexation be relatively high. According to considerations 
given by Gregor et al the following properties are 
required for a chelating agent that is to be incorporated as 
a functional group into an ion exchange resin. 
1. The chelating agent should yield (alone or with cross 
linking substances) a resin gel of sufficient stability or, 
it should be capable of being incorporated by substitution 
into a polymer matrix. 
l b 
2. The chelating molecule must possess sufficient chemical 
stability so that during the synthesis of the resin the 
functional structure is not changed by polymerization or any 
other reaction. 
3. The steric structure of the chelating molecule should 
be compact so that the formation of the chelate rings will 
not be hindered by the matrix. 
4. Because the agents forming relatively stable complexes 
are at least tridentate. It is necessary that the ligand 
groups of the chelating molecule be situated appropriately 
so that the specific arrangement of the ligand will be 
preserved in the resin. 
These theoretical considerations make it unlikely that 
many known chelating agents can be incorporated into a resin 
without the loss of their selective properties. The group of 
unsuitable agents would include all that do not form 1:1 
complexes (for exaunple anthranilic acid, 8-quinolinol, and 
1-nitroso 2-napthol). Long chain molecules such as E.D.T.A. 
similarly prove to be unsuitable because of the 
improbability that the chelate configuration occurring in 
aqueous solution can be maintained on a cross linked 
polymer. It can be concluded that the building of highly 
l b 
selective ion exchanger designed for a given separation 
problem is possible if a few essential requirements are met. 
1. A careful choice of the structure of a ligand polymer 
not only of the chelating group involved but also of the 
molecular structure surrounding this group. 
2. A precise determination of the relative formation 
constants of a corresponding chelate which must be 
different by more than one order of magnitude. 
3. A maximum compatibility between the polymer and the 
medium obtained either by adjusting the polymer structure or 
by using mixed solvent media. 
Recently a number of chelating ion exchangers have been 
synthesized to encourage the applications of ion exchange to 
a broader range of separation and for the recovery of 
certain metal ions selectively Table 1.2. 
Thus the chelating ion exchanger may provide a 
convenient technique for the analytical concentrations of 
many of the more interesting trace elements from natural 
waters and collection of toxic elements from industrial 
waste waters. The selectivity of the most complexing agents 
predominantly depends on their ability to form chelates with 
1 ' / 
Table 1.2 
SOME OF THE IMPORTANT LI6AND ION EXCHANGE RESINS 
81.No. Type of Exchanger Sorption Selectivity Reference 
capacity 
m. moles/g 
1. Oxime and diethyl 2.0 
amino-resin 
2. 8-hydroxyquinoline 
and 8-hydroxyquino-
dine resin 
3. 0-hydroxy oxime resin 
4. Thioglycolate resin 
5. Amino acid type resin 
6. Phosphate type resin 
7. N-Acylphenyl hydroxyl 0.45 
8. Aluminium oxide 
9. Alumina and silica gel 
10. Microreticular resin 
11. Cellulosic exchanger 
12. Cation exchange resin 
13. Sulphonated type resin 
14. Carboxylic ion exchanger 
15. Chilosan 
16. Chelating resin 
(Dithio carbamate) 
Cu2^ 
Cu2\ 
Cu2\ 
""2 + 
[J«\ 
-
NH^^ 
Ag^ 
Ag^ 
Sb3\ 
Zn2^ 
Ni2 + 
Co(erj 
Cu2^ 
Cu2^ 
Zn2-^ 
Mo6^ 
Bi-^: 
Sb3-^ 
Fe3 + 
Th4^ 
Co2+ 
3 
76 
77 
78 
79 
80 
80 
81 
82 
83 
84 
85 
85 
86 
87 
88 
89 
Table 1.2 contd. 
SI.No. Type of Exchanger Sorption Selectivity Reference 
capacity 
m, moles/g 
17. Acrylic resin - Cu^^ 90 
18. Chelating resin - Pd^ "*", Pt^ "*" 91 
(Semithio carbazide) Rh'^"* , Ir^^ 
19. Chelating resin 819 mg/g An"^"* 92 
Poly (Vinyl bensylthio 
urea) 
20. Chelating resin Poly - Cu^^, Cd^ "^  93 
(hydroxamic acid) Zn 
21. Chelating resin My"* * , W^' 94 
22. Chelating resin 1.9 Cu^ "^  95 
certain metal ions. For this purpose the development of 
complexing ion exchangers have taken place where the 
complexation equilibrium will play an important role such 
studies can be directed to the following three categories. 
(1) An ion exchanger is used in appropriate metal ion form 
and the complexing agent is present as a solvent in the 
liquid phase. 
(2) An exchanger containing a complexing agent functional 
group attached to the matrix is used and the metal ion is 
present in the liquid phase. 
(3) The solid phase is a chelating exchanger and the liquid 
phase also contains a complexing agent as solute. 
Implementation of the first and the second 
possibilities will involve directly the metal complex 
equilibria in heterogeneous phase, where as the third 
possibility is mainly advantageous of chelate exchange 
system. In this field the successful, efforts have been made 
by^ Bayer and Coworkers.^^~^^ Blasius and Coworkers^^®~^^^, 
Gregor et al.^^*^"^^^ Kennedy et al^^^"^21 ^^^ j^^^^y 
others.-^^"^ ^^^ The complex formation in such reaction 
is based mainly on the use of N, S, and 0 as donor atoms 
20 
for the f ormat-ion of coordinate bonds. A donor atom must be 
of high electronegativity . Chelating ion exchanger with 
nitrogen as the sole donor atom are relatively less in 
number. Gold and Gregor prepared a chelating resin witVi 
aromatic nitrogen as the only functional group. 
The number of chelating ion exchangers with nitrogen 
and oxygen as donar atoms is comparatively much large. 
Klyatschko prepared a material by fixing E.D.T.A, as a 
solid solution within a phenol-formaldehyde condensate. Many 
workers prepared such materials by fixing ligands to the 
111 127 CgHg nucleus of the cross linked polystyrene. ' 
Blasius prepared such materials by the reaction of 
chloromethylated polystyrene with various aliphatic amines 
and subsequent reaction with chloroacetic acid. 
Stamberg^^ ' prepared several resins with vicinal 
dioxime groups using polystyrene as a starting material. 
Incorporation of thiol groups has also be applied to prepare 
1 1 0 1 O Q 
such materials ' with sulfur as the sole donor atom. 
The number of such materials utilized for analytical 
applications is small. Nevertheless many different chelating 
resins have been prepared. The main difficulty in their use 
is restriction of effective simpler means and chemical 
stability of these materials. 
2x 
Although a number of chelate ion exchanger resins have 
come in wide use but no comparative studies exists on 
inorganic ion exchangers containing such groups. 
Solid liquid interaction have always been of interest 
for many workers because of the diversity of the phenomena 
involved and immense application in chemistry and related 
science. 
When a solution containing some solute is brought into 
contact with a solid, some of the solute is taken up by the 
solid. This phenomena of the uptake of a solute by a solid 
is referred to as "Sorption". In sorption the solute 
e 
molecules are sorbed either by the inner frame work of the 
solid in contact with the solution or by its surface only. 
So when the solute is adsorbed by the surface only the 
process is called as " Adsorption and when the solute is 
absorbed by the solid to inner layer the process is called 
as "Absorption". 
Adsorption is a fundamental natural process. It is one 
of the most fascinating areas of chemistry. Since the 
molecules on the surface have an environment different from 
those in the bulk of the material, the surface energy is 
131 different from the energy of the bulk. Concentration of 
the molecules of a gas or a liquid on the surface of the 
solid is termed as "adsorption". This process is different 
from abfiorption which results from the penetration of one 
component throughout the body of another. 
The adsorbing material is called as adsorbate and the 
underlying material is called "adsorbent" or substrate. 
Adsorption is of outmost importance in the field of 
agriculture, industries, and analytical chemistry. 
Adsorption of pollutants by soil, of dyes by wool and 
cotton, and of impurities by insoluble precipitates are well 
known examples. Similarly adsorption indicators and 
adsorption chromatography are also well known in the 
chemical analyses. Another important application of 
adsorption is in catalysis-. A surface can catalyse numerous 
reactions depending upon the configuration of the adsorbed 
molecule and the nature of the adsorbent. A study of 
adsorption phenomena helps us in understanding the process 
by means of a molecular model. 
The photoelectron spectroscopy method such as E.S.C.A. 
can be applied to reveal some of the bonding properties of 
the adsorbed species. In surface studies this is normally 
referred as photoemission spectroscopy. Infrared absorption 
spectra can be obtained by using I.R. transparent material 
and a technique that involves the internal reflection. 
2o 
Adsorption is of two types physical and chemical. The 
physical adsorption is called as "physisorption" and 
chemical adsorption as "chemisorption". In the former the 
molecules are adsorbed to a solid surface by essentially the 
physical forces. In chemisorption, however the molecule 
forms the chemical bonds with the solid surface. In case of 
pWysical adsorption there is a vander waal's interaction 
(for instance dispersion or polar interaction) between the 
surface and the adsorbed molecule. These are weak types of 
interaction and the amount of energy released when a 
molecule is physisorbed is of the order of 25 kJ mol~^ ie. 
the enthalpy of condensation. This energy can be absorbed by 
the vibration of the lattice and is dissipated as heat. A 
molecule bouncing across the surface will loose its kinetic 
energy and stick to the surface resulting in the rise in 
temperature of the system, ie. heat is evolved. In 
chemisorption which is shortening of chemical adsorption the 
molecules stick to the surface as a result of the formation 
of chemical bonds, usually covalent bonds and tend to find 
the site that increases their coordination number with the 
temperature. Thus the energy of attachment is greater than 
in that of physical sorption and is in the rang of 200 kJ 
mol"^. 
2^ 
For a spontaneous process chemisorption must be 
exothermic (barring the exceptional case.). This can be 
explained as follows: 
For a spontaneous process ^ G should be negative. As 
the species is adsorbed there is a reduction in its 
translational freedom so /^ S is also negative. Hence j ^ H 
must be negative if ^G= A H + T A S . is to be negative and 
a negative ^ H value corresponds to the exothermic process. 
But sometimes the adsorbate dissociates at high temperature 
leading to breaking of bonds and thus has high translational 
mobility on the surface, as in case of the adsorption of 
hydrogen on the glass surface, enthalpy is small and 
positive, 
A formal distinction between the chemisorption and 
physisorption was formerly the magnitude of the enthalpy of 
adsorbed ion. A H for physisorption is rarely more negative 
than about -25 kJ mol while that for chemisorption is 
usually more negative and sometimes much more negative than 
-40 kJ mol"l. 
Plotting of adsorption isotherms is the most convenient 
way of studying and understanding the nature of adsorption 
taking place in a particular system. The isotherms are 
obtained by plotting the amount adsorbed against the 
60 
equilibrium concentration at any instant at a particular 
temperature. Thus different types of curves with different 
slopes and initial portion of the curve are obtained. Based 
on these factors adsorption isotherms can be divided into 
four main classes and thereafter into subgroups. The main 
classes are as follows. 
a. Langmuir isotherm or L curves. 
b. S. type of isotherms 
c. High affinity isotherm or H curves. 
d. Constant partition or C curves. 
Langmuir isotherms indicate that molecules are adsorbed 
flat on the surface or sometimes vertically oriented with 
strong intermolecular attraction. This is the best known 
isotherm. These curves occur in majority of cases of 
adsorptjLon from dilute solution and for cases of the other 
types appear to have been previously recorded. The initial 
slope depends on the rate of change of site availability 
with increase in solute adsorbed. As more solute is taken 
up, there is usually progressively less chance that a 
bombarding solute molecules will find a suitable site on 
which it can be adsorbed. The initial curvature shows that 
as more sites in the substrate are filled it becomes 
increasingly difficult for a bombarding solute molecule to 
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find out a vacant site available. Thiis implies either that 
the adsorbed solute molecule is not vertically oriented or 
that there is no strong competition from the solvent. The 
type of systems which give this curve have one of the 
following characteristics. 
1. The adsorbed molecules are most likely to be adsorbed 
flat eg. resorcinol on alumina (2) if adsorbed end on they 
encounter little solvent competition eg. high polar solute 
on substrate or systems with monofunctional ionic substances 
with strong intermolecular attraction. 
— S types curves indicates the vertical orientation of 
the adsorbed molecule at that surface. The initial part of 
the S curve shows that more solute is already adsorbed and 
it is easier for the additional amount to become fixed. 
•^  High affinity curves are given by solutes adsorbed as 
ionic micelles and by high affinity ions exchanging with low 
affinity ions. This is a special case of L curve in which 
the solute has such high affinity that in dilute solution it 
is completely adsorbed or at least there is measurable 
amount remaining in the solution. Thus the initial part is 
vertical. The adsorbed species are often large units ie. 
ionic micelles or polymeric molecules, but sometimes they 
2/ 
are apparently single ions which exchange with other ions of 
much lower affinity for the surface eg. sulfonated dye ions 
exchange with Cl~ alumina, cyanide dye on silver halide. In 
the most extreme cases the curve is a horizontal line 
running into the vertical axis. 
^ And lastly the constant partition curves or the linear 
curves are obtained when t,he solut-e penetrates into the 
solid more readily than does the solvent. There is a 
constant distribution of solute between solution and 
substrate up to the maximum possible adsorption where an 
abrupt change to a horizontal plateau occurs. Such type of 
cuf-ves are obtained for the partition of a solute between 
two immiscible solvents. Favourable conditions for "C" curve 
to appear are 
(a) A porous substrate with flexible molecule and regions 
of differing degree of crystallinity and a solute with (b) 
higher affinity for the substrate than the solvent has and 
with (c) better penetrating power by virtue of conditions 
(d) and of molecular geometry, into the crystalline regions 
of the substrate. I 
The subgroups of these classes are arranged according 
to the shape of the parts of the curves farther from the 
2a 
origin, and the significance of plateau and changes of slope 
are described. Fundamentally the linearity shows that the 
number of sites for adsorption remains constant ie. as more 
solute is adsorbed more sites must be created. Such a 
situation arises when the solute has a higher attraction for 
the absorbent than the solvent itself has. Thus the solute 
can break the inter substrate bond more readily than the 
solvent could, and if its molecular dimension were suitable 
could penetrate to the structure of the substrate in regions 
not already penetrated by the solvent. This action has been 
compared to the opening of a zip fastener, the fastening 
represents the intermolecular bonds of the substrate, and 
the slider represents the first molecule or group of 
molecule of solute to penetrate. This opens up the structure 
and allows more solute molecule to enter. This action stops 
abruptly when more highly crystalline regions of the 
substrate are reached. In fact the isotherms usually do 
suddenly change direction to give the horizontal plateau. 
Thus a linear isotherm indicate that the solute is 
penetrating the regions inaccessible to the solvent. 
' Nearly all sufficiently complete curves have either a 
plateau or an inflection (knee). Those that do not have 
plateau or knee are clearly incomplete ie. surface 
2b 
saturation is not reached probably because of experimental 
difficulties. The plateau or the beginning of the linear 
portion above the "knee" must represent the " first degree 
saturation" of the surface ie. the condition in which all 
possible sites in the original surface are filled and 
further the adsorption can take place only in new surface. 
For convenience this degree of coverage may be called the 
formation of a complete monolayer but this does not 
necessarily imply that it is a close packed layer of single 
molecule or ions, as in a compressed monolayer on water. It 
may be so in some cases and when it is specific surface area 
determination can readily be made. Generally however the 
layer may (a) contain solvent as well as solute molecule or 
(b) consist only of isolated cluster of solute molecule 
adsorbed on the most active sites or (c) consists of ionic 
micelle either packed closely or well separated. 
The significance of a long plateau must be that a high 
energy has to be overcome before additional adsorption can 
occur on new sites, after the surface has been saturated to 
the First degree. The solute has high affinity for the 
solvent but low affinity for the layer of solute molecule 
already adsorbed. Adsorption of ionic micelles give curves 
with long plateau. In this case the solid surface when 
0 0 
covered will tend to repel other micelles holding the same 
charge. A short plateau means that the adsorbed solute 
molecule expose a surface which has nearly the same affinity 
for more solute as the original surface had. 
Second rise or plateau are attributed to the 
development of a fresh surface on which adsorption can 
occur. The second plateau represents the complete saturation 
of the new surface. 
The different models for adsorption applicable to both 
gases and liquids, are available in literature. They are 
however being discussed in brief as follows. 
(1) Langmuir Model 
Langmuir proposed 
Ce/Am = 1/K x 1/b + (1/b). Ce 
Where Ce is the equilibrium concentration and Am is the 
amount adsorbed per specified amount of adsorbent. K is the 
equilibrium constant and b is the amount of adsorbate 
required to form a monolayer. Hence a plot of Ce/m Vs Ce 
should be a straight line, with a slope equal to 1/b and 
1 1 
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(II) Freundlich Model 
According to this model 
Am = K Ce^/" 
In Am = InK + 1/n InCe 
Where all the terms have the usual significance and n is an 
empirical constant. thus a plot of In Am Vs In Ce should 
give a straight line with a slope equal to 1/n and intercept 
gives the value of InK. 
This model deals v?ith the multilayer adsorption of the 
substance on the adsorbent. 
(III) BET Model 
This model was given by Brunaur Emmet and Teller for a 
multilayer adsorption. The derivation is a development of 
the langmuir argument and it assumes that each layer with an 
exposed surface is in equilibrium with the adsorbent. 
Thus 
Ce 1 C-1 
- + 
Am(C0-Ce) K K(Ce/Cn) 
This equation may also be written as 
Z 1 C-1 
= + X Z 
(1-Z) Am K K 
where Z = Ce/Ci 
32, 
K - Am(inon) C 
where Am (mon) is the amount of adsorbent adsorbed by the 
adsorbate for mono layer formation, Co is the initial 
concentration of the adsorbate, C is constant at any given 
temperature for a complete monolayer formation, it can be 
written as -
-(EJ-EL) 
C = exp RT 
Where E •£= heat of adsorption of the first layer. 
ET = Heat of total adsorption 
R = Universal gas constant 
T = absolute temperature 
When C is large ( - 100) the equation may be changed to 
AM I 
Am (mon) I-Z 
Z 
Thus a plot of Vs Z should be a straight line 
(l-Z)Am 
with slope equal to C-l/K and 1/K as intercept. Thus 
Am (mon) can be obtained and hence the total surface area of 
the adsorbent by using these equations. 
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(IV) Temkin Model 
This model deals with the adsorption of solute on the 
adsorbents with the assumption that there are a number of 
energetically unequal adsorption sites present in the 
adsorbent. Thus equation for Temkin isotherm can be written 
as 
Am = Cj^  In (C2'K Ce) 
where Ci and C2 are constants , corresponding to the 
supposition that the enthalpy changes linearly with 
concentration. 
The adsorbents which have been commonly studied are 
alumina, silica, carbon and cellulose, these were mainly 
used for the adsorption of hydrocarbon, alcohols, phenols 
organic acids, dyes, pesticides and pollutants etc. 
Literature survey shows that even inorganic ion exchangers 
and organic synthetic resins have also been used for many 
adsorption studies Table 1.3. 
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The present work includes equilibrium and kinetic 
studies on synthetic ion exchangers and iigand ion 
exchangers. 
A new chelating ion exchanger lanthanum-diethanolamine 
was prepared and equilibrium of sorption of Cu on this 
material was studied in detail. Structural studies were 
carried out and the tentative structure was established by 
variety of modern techniques. 
Detailed thermodynamic studies have beeen carried out 
on synthetic organic ion exchange resins Amberlite IRC-718 
and Duolite ES-467. Kinetic studies have also been done on 
Amberlite IRC-718 and the mechanism of exchange was 
elucidated. 
4i 
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£(jmTiI^riui studies for tKe sorptton of 
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- K che material. 
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Recently the ligand ion exchangers are receiving 
considerable attention. The use of a complexing agent 
increases the selectivity for exchange between a liquid and 
a solid phase. The solution behaviour is influenced by the 
chemical reaction between the metal ion and the complexing 
agent. In the complexing tendency the ligand ion exchange 
behaviour is similar to the complexing agent which can 
accept and release the metal ion in the solution. 
Many organic ion exchange resin based chelating ion 
exchangers have been synthesized and utilized table 2.1 
(Table 1.2 of Chapter I). However, the possibility of using 
an inorganic based chelate ion exchanger has not been 
explored to a greater extent. Hydroxides of Sn .Zr 
Al , Chelate resins with oxime , pyridinium 
tungstoarsenate , Stannic diethanolamine , Titanium 
7 fl 
diethanolamine , Thorium triethanolamine , Zirconium 
triethanolamine , Aluminium triethanolamine and others 
were used as ligand exchangers. 
To develop the materials of this kind a new ligand ion 
exchanger, lanthanum diethanolamine (La-DEA) has been 
synthesized. Though basically an anion exchanger this 
material shows great affinity towards Cu by the 
formation of a complex with diethanolamine. To understand 
this behaviour the sorption of Cu on lanthanum 
diethanolaumine is studied in detail. Sorption isotherms and 
rate of sorption are studied. The thermodynamic parameters 
viz. ^ H , /^  S and AG were computed using least square 
method on VAX-11 computer. The isosteric enthalpy of 
adsorption (^Hm) were also computed for the whole range of 
temperature (20^C-80^C) and that for the different sets of 
temperatures. The behaviour resembles with chemisorption 
combined with physisorption. IR, TGA, ESCA and X-ray studies 
are also reported for the physical characterization of the 
material and elucidation of mechanism of sorption. 
bb 
EXPERIMENTAL 
Eeagents: Lanthanum nitrate (Loba), diethanolamine (Merck) 
were used. All other chemicals were of analytical grade. 
Different concentrations of cupric nitrate ranging from 
0.1M to 0.6M were made in a buffer solution of pH 3 
prepared by adding 100 cc of IN sodium acetate and 97 cc of 
IN hydrochloric acid and diluted to 500 ml. 
Apparatus: An electrical temperature controlled SICO shaker 
was used for shaking, the Elico pH meter (Model LI-10) 
(India) was used for pH measurements. While IR studies were 
performed on IR-20 spectrophotometer. An X-ray diffraction 
unit with a Cu-KKtarget was used for X-ray studies and Cahn 
thermobalance (Model 2050) was used for TGA. 
Synthesis: 0.1M solution of lanthanum nitrate was mixed with 
solutions of diethanolamine of different concentrations in 
different ratios (Table 2.X). The mixture was stirred well 
for 15 minutes and kept at room temperature for 48 hours to 
ensure complete precipitation. The white precipitate 
obtained was filtered and dried at 60®C. It was then washed 
with distilled water to remove excess of reactants from the 
solid surface and redried at 40°C. Product A3 was selected 
5^ ^ 
ftor its higher yield and stability. The dried product was 
broken down into small particles with the help of a mortar 
and sieved to different mesh sizes. It was then 
equilibrated repeatedly with 1.0M sodium nitrate solution to 
convert it into appropriate ionic form. 
TABLE 2.x 
CONDITIONS OF PEiEPARATION OF LANTHANDM DIETBANOLAMINE 
Samples CONDITIONS OF SYNTHESIS MIXING NATURE OF 
MOLARITY OF REAGENTS VOLUME PRECIPITATE 
RATIO 
La (III) Diethanol La: Amine 
nitrate amine 
A^  0.1 M 0.1 M 1:1 Mild ppt 
Ag 0.1 M 0.2 M 1:1 Mild ppt 
A3 0.1 M 0.4 M 1:1 Dense ppt 
A4 0.1 M 0.4 M 1:2 Mild ppt 
A5 0.1 M 0.4 M 1:3 Mild ppt 
Absorption S-budies: Equilibrium isotherms were determined by 
contacting a constant mass (0.6 gm) of exchanger with the 
metal solution (0.1M-0.6M) in the stoppered conical flasks 
and agitated in the shaker at constant temperature. 
Equilibrium isotherms were determined for two variables, 
00 
(1) variation of adsorbent particle size, (50-300 mesh size) 
(2) Variation of temperature of the metal solution at 
constant particle size i.e. 2ePC, 3ePC, 45°C, 6(2^ C and 80°C. 
The system was contacted for a period of 42 hours to ensure 
equilibrium after which it was filtered and the 
concentration of metal solution was determined by EDTA 
titration using PAN indictor. 
Data Treatment: The results were treated for the fitting of 
Freundlich and Langmuir isotherms. The equations are as 
follows: 
(a) Freundlich equation: 
x/m = KCe^/" 
1 
or In x/m = InK + -- In Ce 
n 
(b) Langmuir equation: 
Ce 1 
x/m h„ 
Whe^e Ce = Equilibrium Concentration of Cu in grams/litre 
bjjj = maximum amount of substance needed in grams per gram of 
the adsorbent for the monolayer formation. 
b'9 
x/m = Amount of Cifc uptake in grams per gram of the 
exchanger. 
(Co - Ce) X 6.354 
x/m = 
500 
Where Co and Ce are the initial and final concentration of 
the metal ion at equilibrium. 
CO 
RESULTS 
Ion Exchange S'budles: The preliminary studies showed La-DEA 
reversibly exchanges the anions while the cations are 
strongly sorbed by it. To study the anion exchange capacity 
(Table 2.3) 0.5 gm of the exchanger (NO3 form) was packed 
in a small column and the Na /K salts solution of the 
appropriate anion was percolated through the column. The 
effluent was collected until its concentration became equal 
to that of the feed solution. Table 2.3 shows the anion 
exchange capacity of different anions. 
TABLE 2.3 
ION EXCHANGE/SORPTION CAPACITY OF SOME ANIONS AND CATIONS 
ON La-DEA 
SI.No. 
1. 
2. 
.3. 
4. 
5. 
6. 
7. 
ANION/CATION 
Chloride 
Bromide 
Iodide 
Dichromate 
Copper (11) 
Nickel (11) 
Cadmium (11) 
SALTS TAKEN 
Potassium 
Chloride 
Potassium 
Bromide 
Potassium 
Potassium 
Dichromate 
Cupric Nitrate 
Nickel Nitrate 
ION EXCHANGE 
CAPACITY 
(meq/gm) 
0.65 
0.53 
0.55 
3.20 
Cadmium Nitrate 
SORPTION 
CAPACITY 
milli 
moles/gm 
-
-
-
-
1.60 
1.44 
1.32 
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Sorption Capacity: To determine the Sorption Capacity one gm 
of the exchanger was shaken with 20 ml of 0.1M solution of 
different cations for 42 hours, after which the unsorbed 
cation left in the supernatant solution was determined and 
sorption capacity was calculated see table 2.3. 
Rate of Sorption: The rate of sorption of Cu'' was 
determined by batch process where 20 ml of 0.1M Cu (N03)2 
solution was shaken thoroughly with 0.5 gm of the exchanger 
in stoppered conical flasks. After appropriate intervals of 
time, the contents of the flasks were filtered and titrated 
ag&inst EDTA. The amount of Cu sorbed was calculated by 
the difference in the initial and final amount of the metal 
left after shaking. Results are presented in table 2.^ and 
plotted in fig. 2.1 
Infra-red analysis: IR analysis of lanthanum diethanolsunine 
samples was performed using KBr disc technique fig. 2.2. 
Thermal Treatment: TGA and DTA analysis of the exchanger 
were performed at the heating rate of 10°C/min. in the 
atmosphere of air (Fig.2.3). 
SSCA and X-ray Diffraction Studies: The ESCA studies were 
conducted to investigate the nature of the surface of the 
exchanger before and after the sorption of Cu^ "*" . Values of 
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binding energies for different elements in both the samples 
.2 + i.e. before and after the sorption of Cu' 
table 2.S" and shown in fig. 2.4 (.O-'^) 
are given m 
TABLE 2.4 
RATE OF SORPTION OF Cu 2+ ON LANTEIANUM DIETEIANOLAMINE 
SL. TIME INITIAL VOLUME FINAL VOLUME T- Ft 
NO. OF EDTA (ml) OF EDTA (Wl) ft = 
I - F 
1. 5 Min. 21.50 21.00 0.051 
2. 10 Min. 21.50 20.25 0.128 
3. 15 Min. 21.50 20.00 0.153 
4. 20 Min. 21.50 18.03 0.355 
5. 30 Min 21.50 18.00 0.358 
6. 60 Min. 21.50 16.00 0 564 
7. 90 Min 21.50 15.00 0.660 
8. 120 Min. 21.50 15.00 0.660 
9. 150 Min. 21.50 16.00 0.564 
H^. 4 Hrs. 21.50 15.00 0.660 
11. 6 Hrs. 21.50 13.50 0.820 
12. 24 Hrs. 21.50 12.75 0.897 
13. 42 Hrs. 21.50 12.00 0.974 
14. 48 Hrs, 21.50 11.75 1.000 
Where: ft - Fractional attainment of equilibrium at time t 
I = Initial Volume of EDTA used. 
Ft= Volume of EDTA used to titrate Cu 
at time t. 
2 + solution 
F = Volume of EDTA used to titrate Cu^ "^  solution 
at infinite time. 
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TABLE 2.5" 
VALOES OF BINDING ENEEGIES FOR DIFFERENT ELEMENTS IN SORBED 
AND UNSORBED EXCHANGERS 
Element ** Reference values BE observed Deviation 
of BE (eV) observed 
Unsorbed Sorbed between 
unsorbed 
&. sorbed 
exchangers 
Carbon 2 1 
CHg — CHgO 
285.0 234.9 287.1 
2.2 eV 
286.5 288.8 290.9 
Nitrogen R4N'*" 401-402 410 eV 
NO3" 407.5 
Copper CuO 
933.4 933.3 
940.5 940.1 
951.2 948.7 
960.3 955.5 
Oxygen 0(ls) in CU2O 
530.8 535.8 537.3 1.5 eV 
CuO 530.1 
** For Reference values, Hobart H. Willard, Lynne L. Merritt 
Jr. John A. Dean, Frank A. Settle, Jr. "Instrumental 
methods of Analysis" P. 396, Sixth Edition, CRS pc^bU^herS, /«^ ?6 
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The X-ray diffraction analysis was performed to know 
the nature of the exchanger (crystalline or amorphous) and 
its crystal structure using Cu- K*^- radiation Fig.2.5) 
The sorption isotherms for the sorption of Cu on La-
DEA at different temperatures are plotted in fig. 2.6a while 
for different particle sizes at a constant temperature are 
plotted in fig. 2.6b. 
Both Freundlich and Langmuir isotherm equations were 
applied for the sorption of Cu on this exchanger. In order 
to test the validity of Freundlich equation values of 
In x/m from the best fit line by the method of least square 
are given in table 2 6a - 2.6e and 2 7a - 2 7d, for 
different temperatures at constant particle size and for 
different particle size at constant temperature 
respectively. The statistical parameters are given in table 
2.6f and 2.7e respectively. 
For Langmuir equation to be tested the values of x/m, 
Ce, Ce/x/m at different temperatures at constant particle 
size and for different particle sizes at constant 
temperature are summarised in table 2.8(a-f) and 2,9(a-d) 
and statistical parameters are given in tables 2.8g and 2.9e 
respectively. Plots of Ce/x/m Vs Ce are presented in 
fig.2.7a and 2.7b respectively. 
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TABLE 2.6 
ADSORPTION OF COPPER(II) ON EXCHANGER,FITTING OF FREONDLICH 
EQUATION AT DIFFERENT TEMPEHATDHES FOR A CONSTANT PARTICLE 
SIZE 
(a) STUDIES AT 20.00 degree celcius 
^/m 
0.08 
0.08 
0.13 
0. 15 
0.19 
0.21 
0.20 
0.24 
0.25 
0.30 
Ce 
5.08 
6.35 
7.46 
8.81 
9.91 
12.70 
16.20 
22.87 
29.86 
36.85 
In X/m 
-2.49 
-2.41 
-2.01 
-1.86 
-1.65 
-1.53 
-1.59 
-1.42 
-1.36 
-1.18 
In Cg In X/m 
1.62 
1.84 
2.01 
2. 17 
2.29 
2.54 
2.78 
3.13 
3.39 
3.60 
(mod) 
-2.30 
-2. 17 
-2.07 
-1.97 
-1.90 
-1.75 
-1.60 
-1.39 
-1.23 
-1.11 
(b) STUDIES AT 30.00 degree celcius 
X/m Cg In X/m In C^ in X/m (mod) 
0.10 
0.12 
0.16 
0. 17 
0.19 
0.20 
0.21 
0.22 
0.20 
0.22 
4.32 
5.05 
5.71 
6.98 
8.26 
11.43 
14.61 
21.09 
28.59 
35.42 
-2.29 
-2.05 
-1.80 
-1.72 
-1.62 
-1.59 
-1.53 
-1.49 
-1.59 
-1.50 
1.46 
1.62 
1.74 
1.94 
2.11 
2.43 
2.68 
3.04 
3.35 
3.56 
-1.98 
-1.94 
-1.90 
-1.85 
-1.80 
-1.71 
-1.64 
-1.53 
-1.45 
-1.39 
7y 
(c) STUDIES AT 45.00 degree celcius 
X/m 
0.09 
0.14 
0.16 
0.18 
0.22 
0.25 
0.22 
0.26 
0.27 
0.28 
Ce 
4.22 
5.03 
5.92 
6.98 
7.30 
10. 15 
14.49 
20.49 
27.32 
32.96 
In X/m 
-2.33 
-1.96 
-1.79 
-1.67 
-1.47 
-1.36 
-1.49 
-1.32 
-1.27 
-1.26 
In Cg In X/m 
1.44 
1.61 
1.77 
1.94 
1.98 
2.31 
2.67 
3.02 
3.30 
3.49 
(mod) 
-1.97 
-1.89 
-1.83 
-1.76 
-1.74 
-1.61 
-1.46 
-1.32 
-1.21 
-1. 13 
(d) STUDIES AT 60.00 degree celcius 
X/m 
0.07 
0.11 
0.15 
0.19 
0.21 
0.20 
0.20 
0.25 
0.20 
0.20 
Ce 
4.70 
5.46 
6.22 
6.98 
7.94 
11.43 
15.24 
21.60 
29.22 
35.58 
In X/m 
-2.54 
-2.19 
-1.84 
-1.65 
-1.53 
-1.59 
-1.59 
-1.36 
-1.59 
-1.59 
in Cg Ln X/m 
1.54 
1.69 
1.82 
1.94 
2.07 
2.43 
2.72 
3.07 
3.37 
3.57 
(mod) 
-2.04 
-1.99 
-1.95 
-1.91 
-1.86 
-1.74 
-1.65 
-1.53 
-1.43 
-1.37 
so 
(e) STUDIES AT 80.00 degree celcius 
XM 
0 . 1 5 
0 .16 
0 .17 
0 . 2 0 
0 .27 
0 . 2 0 
0 . 2 5 
0 .27 
0 . 2 5 
0 .27 
Ce 
3.09 
4 . 3 8 
6 . 4 1 
7 .49 
7 .18 
11 .43 
15.17 
22 .87 
28 .59 
34 .94 
In X/m 
- 1 . 8 6 
- 1 . 8 2 
- 1 . 7 4 
- 1 . 5 7 
- 1 . 3 0 
- 1 . 5 9 
- 1 . 3 7 
- 1 . 2 7 
- 1 . 3 6 
- 1 . 2 7 
In Cg In X/m 
1.13 
1.47 
1.85 
2 . 0 1 
1.97 
2 . 4 3 
2 . 7 1 
3 . 1 3 
3 .35 
3 .55 
(mod) 
- 1 . 8 1 
- 1 . 7 2 
- 1 . 6 3 
- 1 . 6 0 
- 1 . 6 1 
- 1 . 5 0 
- 1 . 4 3 
- 1 . 3 3 
- 1 . 2 8 
- 1 . 2 3 
(4JSTATISTICAL PARAMETERS AT DIFFERENT TEMPERATURES 
Temp(*^ C) Regression equilibrium Lnk 1/n 
Coefficient (R) Const (K) 
20 
30 
45 
6 0 
80 
0 . 9 3 
0 . 8 0 
0 . 8 5 
0 . 6 8 
0 .84 
0 . 3 7 E-01 
0 . 9 1 E-01 
0 . 7 7 E-01 
0 . 7 7 E-01 
0 . 1 3 E-00 
- 3 . 2 9 
- 2 . 4 0 
- 2 . 5 6 
- 2 . 5 6 
- 2 . 0 8 
0 . 6 0 
0 . 2 8 
0 . 4 0 
0 . 3 3 
0 . 2 3 
8i 
TABLE 2.7 
FITTING OF FREDNDLICH EQUATION FOR DIFFEKENT PARTICLE SIZE 
AT 303 K. 
(a) STODIES FOR 50-100 PARTICLE SIZE 
X/m 
gm/gm 
0.0972 
0.1224 
0.1690 
0.2059 
0.2294 
0.2287 
0.2707 
0.2923 
0.2758 
0.2669 
Ce 
gm/lit 
4.4796 
5.2802 
6.0998 
6.9259 
7.8472 
10.8018 
13.9788 
20.9682 
26.7821 
34.3116 
In X/m 
-2.3308 
-2.1006 
-1.7778 
-1.5805 
-1.4724 
-1.4752 
-1.3068 
-1.2300 
-1.2882 
-1.3210 
In Ce 
1.4995 
1.6640 
1.8083 
1.9353 
2.0602 
2.3797 
2.6375 
3.0430 
3.2877 
3.5355 
In J(/m (mod) 
-1.9711 
-1.9000 
-1.8377 
-1.7828 
-1.7288 
-1.5906 
-1.4792 
-1.3039 
-1.1981 
-1.0910 
(b) STODIES FOR 100-150 PARTICLE SIZE. 
X/m 
gm/gm 
Ce 
gm/lit 
In X/m In Ce In X/m (mod) 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
,0890 
1195 
.1652 
1703 
, 1970 
2186 
2237 
2287 
2287 
4 
4. 
5 
6. 
9 
14. 
20 
27. 
35, 
.1301 
9561 
.7186 
8623 
.0545 
5507 
.9682 
0045 
.4236 
-2.4196 
-2.1248 
-1.8006 
-1.7703 
-1.6247 
-1.5206 
-1.4976 
-1.4752 
-1.4752 
1.4183 
1.6006 
1.7437 
-1.9260 
2.2033 
2.6776 
3.0430 
3.2960 
3.5674 
-2.0854 
-2.0201 
-1.9689 
-1.9036 
-1.8044 
-1.6346 
-1.5038 
-1.4132 
-1.3161 
(c) STUDIES FOR 150-200 PARTICLE SIZE 
8^ 
X/m 
gm/gm 
0.1207 
0.1225 
0. 1550 
0.1970 
0.2376 
0.2160 
0.2415 
0.2287 
0.2542 
0.2796 
Ce 
gm/lit 
3.8124 
5.1976 
5.9728 
6.6717 
7.2436 
11.1195 
13.9788 
20.9682 
26.0514 
33.0408 
In X/m In Ce In X/m (mod) 
2 
2. 
1 
1. 
1 
1. 
1 
1. 
1 
1. 
.1142 
.0996 
.8641 
.6247 
.4370 
.5323 
.4211 
4752 
.3698 
2745 
1 
1. 
1 
1. 
1 
2. 
2 
3. 
3, 
3. 
.3383 
.6482 
.7872 
8979 
.9801 
,4087 
.6375 
0430 
.2601 
4977 
-1.9723 
-1.8647 
-1.8165 
-1.7781 
-1.7495 
-1.6008 
-1.5214 
-1.3807 
-1.3054 
-1.2229 
(d) STUDIES FOR 200-300 PARTICLE SIZE 
X/m 
gm/gm 
0.1408 
0.1125 
0.1632 
0.1741 
0.1970 
0.2415 
0.2605 
0.2739 
0.2415 
0.2669 
Ce 
gm/lit 
4.2889 
5.5280 
6.2460 
7.7837 
8.2602 
10.4841 
14.2171 
21.4289 
27.6399 
33.3585 
In X/m 
-2.2553 
-2.1851 
-1.8130 
-1.7481 
-1.6247 
-1.4211 
-1.3451 
-1.2951 
-1.4211 
-1.3210 
In Ce 
1.4560 
1.7098 
1.8319 
2.0520 
2.1114 
2.3499 
2.6544 
3.0647 
3.3193 
3.5073 
In X/m (mod) 
-2.0539 
-1.9441 
-1.8913 
-1.7960 
-1.7703 
-1.6671 
-1.5353 
-1.3577 
-1.2476 
-1.1662 
8;^  
(e) THE STATISTICAL PARAMETERS FOR DIFFERENT PARTICLE SIZE 
AT 303 K 
Mesh Size Regression Equilibrium Ink 1/n 
Coefficien-b(R) Constant K 
50-100 
100-150 
150-200 
200-300 
0.83 
0.85 
0-85 
0.86 
0.73 E-01 
0.75 E-01 
0.87 E-01 
0.68 E-01 
-2.62 
-2.59 
-2.44 
-2.68 
0.43 
0.36 
0.35 
0.43 
For langmuir equation to be tested the values of X/m, 
Ce, Ce/X/m at different temperatures at constant Particle 
size and for different particle sizes at constant temperature 
are summarized in table 2.8 (a-e) and 2.9 (a-d) and 
statistical parameters are given in tables 2.8g and 2.9e 
respectively. Plots of Ce/X/m Vs Ce are presented in fig 
2.7a and 2.7b respectively. 
8^  
TABLE 2-8 
ADSORPTION OF COPPERCM)ON EXCHANGER , FITTING OF LANGMDIR 
EQUATION 
(a) STUDIES AT 20.00 degree celclus 
X/m Cg Cg/(X/m) C^/(X/m) (mod) 
(gm/lit) 
53.42 
56.26 
58.74 
61.75 
64.19 
70.43 
78.22 
93. 10 
108.69 
124.28 
(b) STUDIES AT 30.00 degree celclus 
X/m C^ Ce/(X/m) C^ / (X/m) (mod) 
gm/lit 
31.04 
34.08 
36.81 
42.06 
47.31 
60.43 
73.56 
100.33 
131.29 
159.51 
0 . 0 8 
0 . 0 8 
0 . 1 3 
0 . 1 5 
0 . 1 9 
0 . 2 1 
0 . 2 0 
0 .24 
0 . 2 5 
0 . 3 0 
5 .08 
6 .35 
7 .46 
8 .81 
9 .91 
12 .70 
16 .20 
22 .87 
29 .86 
36 .83 
6 1 . 5 3 
71 .42 
5 5 . 9 5 
5 6 . 6 3 
5 2 . 0 0 
58 .82 
79 .68 
9 4 . 7 3 
117 .50 
120 .83 
0 . 10 
0-12 
0 . 1 6 
0 . 1 7 
0 . 1 9 
0 - 2 0 
0 . 2 1 
0 . 2 2 
0 . 2 0 
0 . 2 2 
4 .32 
5 .05 
5 .71 
6 .98 
8 .26 
11 .43 
14 .61 
21 .09 
28 .59 
35 .42 
4 3 . 0 3 
39 .48 
3 4 . 6 1 
3 9 . 2 8 
4 1 . 9 3 
5 6 . 2 5 
6 7 .6 4 
9 4 . 3 1 
140 .62 
159 .28 
8^  
(c) STUDIES AT 45.00 degree celcius 
X/m Cg Ce/(X/in) C^ /(X/m) (mod) 
gm/lit 
31.31 
33.65 
36.21 
39.28 
40. 19 
48.39 
60.92 
78.21 
97.91 
114.17 
0 .09 
0 .14 
0 .16 
0 . 18 
0 .22 
0 . 2 5 
0 .22 
0 . 2 6 
0 .27 
0 . 2 8 
4 .22 
5 .03 
5.92 
6 .98 
7 .30 
10. 15 
14 .49 
20 .49 
27 .32 
32 .96 
4 3 . 7 5 
3 5 . 9 1 
35 .59 
3 7 . 2 8 
3 2 . 0 3 
39 .93 
6 4 . 6 9 
7 6 . 7 8 
97 .72 
116 .57 
(d) STDDIKS AT 60.00 degree celcius 
gm/lit 
X/m Cg Ce/(X/m) C^/CX/m) (mod) 
0 .07 
0 . 1 1 
0 . 15 
0 . 1 9 
0 . 2 1 
0 . 2 0 
0 . 2 0 
0 . 2 5 
0 . 2 0 
0 . 2 0 
4 . 7 0 
5.46 
6 .22 
6 .98 
7 .94 
11 .43 
15.24 
2 1 . 6 0 
29 .22 
35 .58 
5 9 . 6 7 
4 8 . 8 6 
3 9 . 5 1 
36 .66 
36 .76 
5 6 . 2 5 
7 5 . 0 0 
8 5 . 0 0 
143 .75 
175 .00 
34.86 
38.06 
41.25 
44.44 
48.43 
63.06 
79.02 
105.62 
137.55 
164.15 
8b 
(e) STUDIES AT 80.00 degree celclus 
gm/lit 
X/m C Q Ce/(X/m) Cg/(X/m)(mod) 
0. 15 
0.16 
0.17 
0.20 
0.27 
0.20 
0.25 
0.27 
0.25 
0.27 
3.09 
4.38 
6.41 
7.49 
7.18 
11.43 
16.17 
22.87 
28.59 
34.94 
19.89 
27.16 
36.59 
36.19 
26.40 
56.25 
60.13 
81.81 
112.50 
125.00 
21 .36 
25 .64 
3 2 . 4 1 
3 6 . 0 1 
34 .95 
4 9 . 1 3 
6 1 . 5 5 
8 7 . 2 1 
106.24 
127 .40 
(£ ) TEffi THEBMODYNAMIC PARAMETEBS FOE ADSORPTION OF COPPEE(II) 
ON EXCHANGER 
Temp. (K) In K AG° A s ° 
- 5 . 8 2 
- 2 . 2 9 
- 3 . 75 
- 2 . 5 5 
- 2 . 3 7 
TEffi ENTHALPY OF THE OVERALL SYSTEM AT THE TEMPERATURE RANGE 
STUDIED IS 
c 
293.00 
303.00 
318.00 
333.00 
353.00 
-2.94 
-1.16 
-1.89 
-1.29 
-1.20 
1710.37 
699.47 
1195.59 
852.48 
841.56 
AiP = 18.09 KJ mole ^ 
8V 
(g) STATISTICAL PARAMETER AT DIFFERENT TEMPERATURES FOR 
CONSTANT PARTICLE SIZE 
Temperature R K b 
0.05 0.45 
0.31 0.24 
0.15 0.35 
0.27 0.24 
0.30 0.30 
where R = Regression coefficient. 
b = Maximum amount of substance adsorbed per gram of 
the adsorbate for the monolayer formation. 
K = Equilibrium constant 
10 
30 
45 
60 
80 
0.94 
0.99 
0.98 
0.96 
0.99 
8o 
TABLE 2.9 
FITTING OF LANGMDIR EQUATION FOR DIFFERENT PARTICLE SIZE AT 
3i33K. 
(a ) STUDIES FOR PARTICLE SIZE 50 -100 
X/m(gm/gm> Ce (gm/ l i t } Ce/(X/m) 
Ce/(X/m)(mod) 
0.0972 
0.1224 
04690 
0.2059 
0.2294 
0.2287 
0.2707 
0.2923 
0.2758 
0.2869 
4.4796 
5.2802 
6.0998 
6.9259 
7.8472 
10.8018 
13.9788 
20.9682 
26.7821 
34.3116 
46 
43. 
36 
33. 
34 
47. 
51 
71. 
97. 
128. 
.0784 
.1464 
.0902 
6420 
.2105 
2222 
.6432 
7391 
.1198 
5714 
31.6517 
34.0096 
36.4235 
33.8562 
41.5696 
50.2710 
59.6275 
80.2117 
97.3339 
119.5087 
(b) STUDIES FOR PARTICLE SIZE 100-150 
X/m (gm/gm) Ce(gm/lit) Ce/(X/m) Ce/(X/m)(mod) 
0.0690 
0.1195 
0.1652 
0.1703 
0.1970 
0.1906 
0.2186 
0.2237 
0.2287 
0.2287 
4.1301 
4.9561 
5.7186 . 
6.8623 
9.0545 
11.5961 
14.5507 
20.9682 
27.0045 
35.4236 
46.4286 
41.4894 
34.6154 
40.2986 
45.9677 
60.8333 
66.5698 
93.7500 
118.0556 
154.8611 
33.4634 
36.5369 
39.3740 
43.6297 
51.7865 
61.2436 
72.2375 
96.1166 
118.5772 
149.9039 
8b 
(C) STODIES FOR PARTICLE SIZE 150-200 
X/m(gm/gm) Ce(gm/lit) Ce/(X/m) Ce/(X/m)(mod) 
0.1207 
Hi.122b 
0.1550 
0.1970 
0.2376 
0.2160 
0.2415 
0.2287 
0.2542 
0.2796 
3.8124 
5.1976 
5.9728 
6.6717 
7.2436 
11.1195 
13.9788 
20.9682 
26.0514 
33.0408 
31.5789 
42.4274 
38.5246 
33.8710 
30.4813 
51.4706 
57.8947 
91.6667 
102.5000 
118.1818 
29.4551 
33.8452 
36.3021 
38.5173 
40.3297 
52.6140 
61.6762 
83.8282 
99.9387 
122.0907 
(d) STODIES FOR PARTICLE SIZE 200-300 
X/m (gm/gm) Ce(gtn/li-Li Ce/(X/m) Ce/(X/m)(mod) 
0.1048 
0.1125 
0.1632 
0. 1741 
0 1970 
0.2415 
0.2605 
0.2739 
0.2415 
0.2669 
4.2889 
5.5280 
6.2460 
7.7837 
8.2602 
10.4841 
14.2171 
21.4289 
27.6399 
33.3685 
40.9091 
49.1525 
38.2788 
44.7080 
4 1 y.'Hj!) 
43.4211 
54.5132 
78.2482 
114.4737 
125.0000 
33.5170 
37.3176 
39.5200 
44 2366 
4!) k\\)nA 
52.5199 
63.9705 
84.0919 
105.1436 
122.6848 
30 
(e) STATISTICAL PARAMETERS FROM LANGMUIR FIT FOR DIFFERENT 
PARTICLE SIZE AT CONSTANT TEMPERATORE 
Particle Size R K 1/b 
2.94 
3.72 
3.17 
3.07 
t> 
50-100 
100-150 
150-200 
200-300 
0.97 
0.99 
0.98 
0.97 
0.16 
0.21 
0.18 
0.15 
31 
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FIG. 2.7(b) LANGMUIR ADSORPTION ISOTHERMS OF Cu^ 'ON DIFFERENT MESH SIZE-
{MICRONS)OF LANTHANUM DIETHANOLAMINE AT 303 K 
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DISCOSSION 
The preliminary data of the rate of sorption of Cu^ 
(Fig. 2-0 on La-DEA indicate that initially the rate of 
sorption is very fast and then it slows down reaching to a 
maximum value after 42 hrs, further the material shows a 
high uptake of Cu^ "*", Ni^ "*", and Cd^ "*" cations. 
The results of Freundlich adsorption isotherm for 
different temperature at a constant particle size and for 
different particle sizes at a constant temperature are given 
in table 2.6 and 2.7, while those of langmuir adsorption 
isotherms for both the variables are given in table 2.8 and 
2.9 and plotted in fig. 2.7 (a and b). The regression 
coefficient (R) (table 2.6f, 2.7e) of determination of the 
least square fit of the former equation for both the 
variables neither approach to unity nor they show a 
consistency where as those of langmuir equation (bable 2.8 f 
and 2.9e) approach to unity as well as show consistency. It 
means that the langmuir equation is the best fit for the 
adsorption of Cu on La-DEA as compared to that of the 
freundlich equation with certain limitations. It appears 
2 + that the uptake of Cu is governed by both physisorption 
and chemisorption phenomenon. 
•i-
Plots of equilibrium concentration (Ce) against X/m 
(fig. 2.6a) reveal the following interesting features; 
(a) the total adsorption depends upon the temperature in a 
non linear fashion. It decreases with temperature in the 
fO(J.lowing order: 
45 2 80 > 20 > 30 > 60°C 
(b) The equilibrium concentrations have a marked effect on 
the adsorption process and too many crossovers are seen in 
adsorption isotherms with the increase in equilibrium 
concentration. 
2 + Thus adsorption of Cu on this exchanger is governed 
by temperature as well as equilibrium concentration in a 
complex manner. To understand the role of these parameters 
on this process, the critical values of X/m corresponding to 
the points of intersection of isotherms (crossovers are 
selected^ Plots of equilibrium concentration Ce (g/lit) Vs 
temp *^ C are shown in fig. 2.8. 
The shapes of these plots are quite interesting. The 
equilibrium concentration needed for a particular surface 
coverage varies with temperature as shown below: 
]0 20 30 40 50 60 70 80 
T»mp "C 
FIG 2 8-PLOTOF C»(gm/ l , t )VS TEMP "C 
AT VARIOUS CRITICAL VALUES OF X / m 
9b 
Critical values Sequence for variation of Ce Shape of 
of X/m (gm/gm) with temperature the plot 
(1) 0.06-0.16 CBQQ < Ce30 < Cej^^< CBQQ < Ce20 Inverse 
N-shaped 
(2) 0.20 ^®45 ^ ^®80 ^ *-'®30 "^  ^ ^60 '^  ^ ®20 Inverse 
N-shaped 
(3) 0.22 Ce45 < CBQQ < Ce^Q < Ce20 N-shaped 
In sequence (1) Ce decreases from 20-30°C, then 
increases upto 60*^ 0 and again decreases reaching to a 
minimum value at 80°C. The deviation from this nature starts 
at X/m = 0.16 so much so that at X/m = 0.2Owe got 
sequence (2). In this case initially Ce decreases from 20-
45°C and then follows the same order as in the former case. 
In sequence (3) the process is entirely different (as shown 
by dotted line in Fig. 2.8). The temperature of 60-^C is 
excluded from this sequence because a value X/m = 0.22 has 
not been attained at this temperature. The critical analysis 
of the shape of these plots confirms that here the two types 
of adsorptions, namely, physical and chemical are taking 
place simultaneously which is further confirmed by the 
isosteric enthalpies at the different extent of adsorption 
(X/m) Table 2.10 for the different range of temperature as 
well as the over all temperature range. The chemisorption 
occurs as a major process around 45*^  and BCPC whereas 
ii'/ 
physical sorption might be the major phenomenon at 20*^ C. The 
least net adsorption is observed at SO'^ C. These behaviours 
can only be explained in terms of (a) more penetration of 
the physically adsorbed species (b) decreases in physical 
forces (responsible for physical adsorption) with the rise 
in temperature. 
The principal test to distinguish between physisorption 
and chemisorption is the magnitude of enthalpy of adsorption 
AH for physisorption is generally less than 25 KJ mole" 
whereas for chemisorption it is more than 25 KJ mole" . The 
results presented in Table 2.10 reveal that the 
2+ physisorption combined with chemisorption of Cu takes 
place on Lanthanum diethanol - amine. The thermodynamic 
parameters are shown in table 2.8f. The overall process 
seems to be an endothermic process where the enthalpy is 
18.025 KJ mole" . The adsorption at all the temperatures 
appear to be a non spontaneous process because it precedes 
with the increase in free energy. Also the entropy of the 
system decreases with tVie increase in free energy. The 
lowest value of the entropy change is observed at 20°C and 
highest at 30°C. At 45 and 80'^ C the values of entropy 
changes are equal indicating thereby equal stability of the 
system. The overall trend of the thermodynamic parameters 
once again reflects that the adsorption of Cu'' on La-DEA is 
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TABLE 2.10 
ISOSTERIC ENTEIALPIES AND THE CORRESPONDING EQDILIBRIDM 
CONCENTRATION AT DIFFERENT TEMPERATURES 
SI. T(^C) 20 30 45 60 30 '^^ --1 ^empc^O 
No. X/m Equilibrium Concentration (KJ mol ) Range 
1. 0 . 0 6 2 . 4 0 1.34 1.58 2 . 3 5 0 . 5 5 - 1 3 . 9 4 20 -80 
- 4 3 . 1 3 20 -30 
5 .33 30-45 
2 7 . 2 5 45 -60 
- 7 1 . 2 3 60 -80 
2. 0 . 0 8 6 .08 2 . 7 0 3 .08 4 . 8 0 1.05 - 1 5 . 9 2 20 -80 
-46.78 20-30 
130.49 30-45 
131.71 45-60 
-71.35 60-80 
3 . 0 . 1 0 6 .63 4 . 0 8 4 . 2 4 5 .13 1.58 - 1 5 . 3 7 20-80 
- 3 5 . 9 5 20 -30 
2 .06 30-45 
1 1 . 2 1 45 -60 
- 5 7 . 7 5 60 -80 
4 . 0 . 1 2 6 .70 4 . 7 5 4 . 8 3 5 .59 2 . 1 0 - 1 2 . 5 6 20 -80 
- 2 5 . 4 9 20 -30 
0 . 8 8 30-45 
8 .61 45 -60 
- 4 8 . 0 1 60 -80 
5 . 0 . 1 4 7 . 8 0 5 .20 5 .39 5 .92 2 .68 - 1 1 . 5 9 20-80 
-30 .03 20-30 
1.93 30-45 
5 .54 45 -60 
- 3 8 . 8 9 60 -80 
6 . 0 . 1 6 8 .6 5 . 5 0 5 .85 6 . 3 8 3 .48 1 5 . 2 0 20 -80 
137 .42 20 -30 
3 .32 30-45 
5 .12 4 5 - 6 0 
29 .74 60 -80 
7. 0 . 1 8 9 .45 6 . 5 0 6 .12 6 . 7 0 5 .26 - 6 . 3 4 20 -80 
- 2 7 . 7 2 20 -30 
- 3 . 2 3 30-45 
5 .33 45 -60 
- 1 1 . 8 9 60 -80 
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Table 2 . 1 0 Contd. 
0 . 2 0 10 .78 9 .12 6 .55 1 0 . 0 0 7 . 4 0 - 3 . 7 4 20-80 
- 1 2 . 3 1 20 -30 
6 
- 1 7 . 7 2 30-45 
24 .95 45 -60 
- 1 4 . 7 8 60 -80 
9. 0 . 1 3 7 .40 5 .00 5 .00 5 .72 1.35 - 1 2 . 5 2 20-80 
- 2 9 . 0 2 20 -30 
0 . 0 0 20-45 
7 .94 45 -60 
- 4 3 . 6 4 60 -80 
10. 0 . 17 9 .20 6 . 0 0 6 .00 6 . 6 0 4 . 6 0 - 7 . 2 7 20 -80 
- 3 1 . 6 7 20 -30 
0 . 0 0 30-45 
5 .63 4 5 - 6 0 
- 1 7 . 7 2 6 0 - 8 0 
1 1 . 0 . 1 8 8 .65 6 . 2 0 6 .40 6 . 4 0 5 .60 - 4 . 6 2 20-80 
- 2 4 . 6 5 20 -30 
1.72 30-45 
0 . 0 0 4 5-60 
60 -80 . c 
12. 0 . 1 9 10 .10 7 . 6 0 6 .38 7 . 0 0 6 . 4 3 - 5 . 4 6 20-80 
- 2 1 . 0 4 20 -30 
- 9 . 3 7 30-45 
5 .46 45 -60 
- 4 . 1 6 60 -80 
13 . 0 . 2 2 13 .60 1 7 . 0 0 7 .08 - 1 0 . 0 0 - 6 . 6 4 20 -80 
16 .55 20 -30 
- 4 6 . 9 6 30-45 
9 .24 45 -80 
14. 0 . 2 1 11 .60 1 1 . 6 0 6 .80 - 8 .60 - 5 . 1 2 20-80 
0 . 0 0 20-30 
- 2 8 . 6 4 30-45 
6 . 3 0 45 -80 
h)u 
a mixed process and the two adsorption processes vary in a 
complex manner. This point will be further clarified in the 
following text. 
The IR spectrum of Lanthanum-diethanolamine (Fig.2.2) 
shows a broad band around 3300 cm . It is due to the 
overlapping of 0-H, N-H, C-H and C-0 stretching vibration. 
The bending mode of these groups are seen in the band around 
1450 cm" (1500-1400 cm" ) while their rocking modes are 
seen in the weak band around 800 cm and the sharp peak at 
720 cm" and 695 cm" . This band also shows some very weak 
interactions between these groups probably via hydrogen 
bonding. A shoulder is seen between 1650-1600 cm which may 
be partly due to the presence of tertiary nitrogen. The peak 
at 1380 and 1040 cm" is also due to the presence of free 
NO3" in the exchanger. The NOJ peak at 820 cm" in pure 
Lanthanum nitrate is shifted to 851 cm" in the presence of 
exchanged NO3 having enough H-bonding. The peak at 1070 cm" 
shows the NH ^ or (CH2)3NH type nitrogen whereas the 1045 
cm peak is characteristic of primary alcohol (R-CH2-OH) 
group, 
The IR spectrum of Cu sorbed exchanger shows a 
significant change as compared to that of untreated sample. 
Instead of a band between 3600-3000 cm~^ a triplet is seen 
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having the peak at 3550, 3425 and 3300 cm corresponding to 
0-H, N-H and C-H stretching vibrations. The total width of 
the triplet (band) is decreased suggesting a decrease in 
hydrogen bonding on the adsorption of Cu . The decrease in 
H-bonding is also reflected in the second band around 1450 
cm It has been changed into a doublet having a weak 
(alcoholic) peak at 1475 cm and a strong (sharp) peak. The 
peak at 1070 cm due to the rocking mode of U-H also 
2+ disappeared in Cu sorbed sample. The decrease in intensity 
of the peak at 1475 cm and disappearance of the peak at 
1070 cm suggests that the bending and rocking freedom of 
0-H groups are seriously decreased on the adsorption of 
2 + 2 + 
Cu It means Cu species are arresting these modes of the 
0-H groups as well as causing a decrease in the electron 
density around oxygen atoms. This decrease in electron 
density in turn decreases the tendency to form the hydrogen 
bonding of oxygen atoms of the 0-H groups. Further the 
2 + 
adsorption of Cu species probably affects in a similar 
fashion to the nitrogen of N-H groups. It shows the 
2 + probability of Cu adsorption via complex formation where 
the lone pairs of nitrogen atoms contribute in complexing 
process. 
In copper (II) adsorbed sample the peaks at 1380 cm" 
and at 850 cm due to NOg show only a decrease in the 
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On the other hand some new peaks at 1340 cm" , 980 cm and 
at 880 cm" have appeared in this sample. These peaks are 
due to the replacement of nitrate by acetate which is used 
to maintain the pH of the solution. The weak band at 
800 cm" which was due to the rocking modes of N-H, C-H and 
C-C groups in the unadsorbed sample is also splitted into 
two distinct peaks (810 and 775 cm" ). In the copper 
adsorbed sample, the peak at 720 cm" and 695 cm" have 
disappeared while the very weak peak at 870 cm" (due to CH 
rocking mode) becomes a sharp peak having sufficient 
intensity. These changes further reflect the decrease in 
hydrogen bonding on the adsorption of Cu'' and hence the 
involvement of nitrogen and oxygen in the complex formation 
with Cu species. 
Thermogravimetric Studies 
La-DEA shows a gradual weight loss ( ^ 3%) upto 261°C 
probably due to the loss of adsorbed/coordinated water 
molecules. The decomposition of the material starts at this 
temperature and a steep decrease in weight is seen 
upto 290°C. A sharp endothermic peak is obtained at 270''C 
corresponding to this decomposition. The slope of the TGA 
curve changes at 290''C and a weak endothermic peak appears 
at 305"C. The latter decomposition may be accompanied by the 
Ifl-
previous decomposition and may be assigned to the formation 
of oxide from lanthanum carbonate. A total weight loss of 
53% is observed in case of La-DEA (485''C). 
On the other hand Cu-adsorbed exchanger shows a 
different behaviour during heat treatment. Here the gradual 
weight loss of 9% is seen upto 433"C. This weight loss may 
be due to the removal of H2O molecules present in the 
hydration sphere of Cu . Since oxygen atoms of OH group and 
nitrogen atoms of amino groups are not free, rather they are 
involved in the complexing of Cu^ species. At this 
temperature the decomposition of Cu-LaDEA starts with the 
removal of organic part and formation of lanthanum oxide as 
well as cupric oxide. This process is completed at 500''C. 
The DTA curve shows two endothermic peaks at 475 and 
480*0 corresponding to this decomposition. Thus more 
interesting point is that it continues even after 500*0. The 
second type of decomposition occurs at 712°C. An endothermic 
peak is seen at 755"0 corresponding to this thermal 
decomposition assigned to the conversion of CuO to CU2O due 
to the reduction with -NH species. 
To characterize the adsorbent (Lanthanum diethanola-
mine) the ESCA studies were conducted for the unadsorbed 
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exchanger itself and that, for the copper sorbed exchanger. 
The results are shown in Table 2.5 and figures 2.4a-2.4e. 
The two samples show the presence of two types of 
carbon which is indicated by the doublet around 290 eV (Fig 
2.4a). The interesting point is that the unadsorbed 
exchanger show two well defined peaks at 284.9 eV and 288.6 
eV while the copper sorbed exchanger show a diffused doublet 
having a peak maximum at 287.1 and 290.9 eV. Thus a net 
chemical shift of about +2.2 eV is observed on the 
2+-
absorption of Cu . It means the adsorption of copper is of 
chemical nature and changes the atmosphere of the carbon 
upto some extent. Thus we can infer that here the Cu 
adsorption occurs via complex formation. 
The peak of nitrogen in copper adsorbed sample is seen 
at 410 eV thus showing a high chemical shift than observed 
for even nitrogen having -t-b oxidation state. It is only 
possible when nitrogen is assumed to bind with copper in the 
fashion shown in Fig. 2.9b and 2.9c 
2 + The ESCA of Cu in the adsorbed sample also shows 
peaks at 933.3, 940.1, 948.7 and 953.b eV. These peaks 
resemble the peaks of CuO, rather than metallic copper or 
CupO . The first peak at 933.3 eV does not show any 
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remarkable chemical shift whereas the other peaks show 
enough chemical shifts. 
However by observing Is spectrum of oxygen (530.8 eV 
the two oxidation states of copper. Thus a chemical shift of 
1.5 eV in the Is spectrum of oxygen is observed on the 
adsorption of Cu^^ (535.8-537.3 eV) on Lanthanum 
diethanolamine. The Positive change in the binding energy 
indicates an increase in the coordination number of copper, 
hence the occurrence of some complex phenomena. 
X-ray analysis 
The x-ray of sorbed and unsorbed samples are shown in 
Fig.2.5. This shows that La-DEA is crystalline in nature. A 
preliminary data treatment of the powdered x-ray 
diffractogram of the unsorbed ion exchanger shows that it 
« 
has a simple cubic structure having a cell constant of 
17.26A. The possible hkl planes corresponding to different 
' d' values are indicated in the Fig. 2.5. Ori the adsorption 
of Cu the crystalline structure is highly distorted 
showing thereby diffused peaks in the diffractogram. 
This complex problem can only be solved if we assume 
that copper is adsorbed on the adsorbent via complex 
formation where the lone pair of two bonded oxygen atoms and 
lOG 
t,wo lone pairs of two nitrogen atoms help in the complexing 
of Cu (Fig.2.9). this model explains the dual nature of 
copper, i.e. (1) it is CuO type bond and (2) its oxidation 
state is decreased. 
On the basis of the IR and ESCA studies it has been 
confirmed that: 
(1) Nitrogen is present as >N-H 
(2) -CH2-CH2-OH groups are present. 
(3) Strong hydrogen bonding exists before the adsorption of 
P+ 
copper and diminishes on the Cu adsorption. 
(4) Cxi is adsorbed via complex formation. 
The ion exchange studies indicate that Lanthanum 
diethanolamine behaves as an anion exchanger and a ligand 
ion exchanger. Thus a tentative structural formula of 
Lanthanum diethanolamine may be written as shown in 
Fig.2.9 (a). 
Thus the adsorption of Cu on t?iis material is of 
peculiar nature. The adsorption isotherms hint that the Cu^ 
species are adsorbed in two different ways: 
(a) Chemiaorpliioii: This again occurs in two steps: 
2+ (i) Cu is complexed between two adjacent nitrogen and 
two oxygen (Fig. 2.9a, 2.9b) 
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2 + (ii) Cu is complexed between the surface hydroxyl 
groups, 
(b) E'hysical adsorption: Values of b (Table 2.8 g) show the 
extent of monolayer sorption of Cu species on the surface 
of this exchanger. 
Due to these different types of adsorption a complex 
process of the adsorption is reflected in the adsorption 
isotherm with the change in the temperature. One type of 
adsorption dominates over the other and they go on changing 
with the rise in temperature. 
Hence no regular decrease or increase in the adsorption 
is seen rather than the complex changeable system. The 
complex trend is also reflected in the thermodynamic 
parameter (Table 2.8 f). The isosteric enthalpy of 
adsorption is also computed for the over all and for 
different sets of temperature. This also show a complex 
behaviour. 
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Chapter-Ill 
Ion eXcKawoe ec|wU&ria of alfeaUne 
ecirtKs and soie transition metal iows 
OH a cKeiatincj Ion ejtcKaHQe resin -
Amberlite M-m. 
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Ion exchangers especially chelating and ligand 
exchangers have been synthesized during the past decade due 
to their definite and specific selectivity towards certain 
ions or groups of ions. Without doubt in analytical as well 
as in preparative inorganic chemistry there exists a need 
for chelating and ligand polymers that combine the ease of 
operation of conventional ion exchangers and the selectivity 
of organic analytical reagents. The selectivity of most 
organic reagents for metals resides predominantly in their 
ability to form chelates with certain cations. This leads to 
the formation of organic polymers that contain ligand or 
chelate forming groups as exchanging functions. The 
selectivity behaviour of these resins is based on the 
different stabilities of metal complexes on the resins at 
appropriate pH values. The influence of complex formation on 
ion exchange equilibria and on the distribution of metal 
ions between the liquid and resin phases has been studied 
extensively. 
Ion exchange resins having chelating groups i.e. having 
electron donor groups are more in use due to the demanded 
selectivity, sufficient mechanical and chemical stability 
especially towards acids and bases. 
Amberlite IRC 718 is a weakly basic ion exchanger 
containing a chelating functionality due to the presence of 
IK 
imino acidic group. This chelating functionality has several 
active sites which coordinate with certain metal ions 
(transition metal ions and heavy metal ions) and render them 
tightly bound. The alkali metal ions and the alkaline earth 
metal ions form normal salts with carboxalate group and do 
not form complexes. This resin has an ability to function 
over a wide pH range hence this resin can effectively 
recover heavy metal ions that have been leached from ores by 
either acids or bases. Elution from this resin is extremely 
effective yielding a concentrated solution of the desired 
metal ion. The high selectivity of Amberlite IRC 718 for 
transition metal ions as well as its activity over a wide pH 
range make it a good choice for a variety of specialized 
processing applications. This resin will also prove useful 
in the removal and recovery of metal ions from plating 
baths, drag out, and rinse water in the plating industry. 
The macroreticular structure of this resin insures its 
stability in the aggressive solution of a plating bath. It 
also removes hardness to less than 0.1 ppm from brine fed to 
chloralkali electrolysis cell. 
To understand the extent of selectivity of metal ions 
on this resin thermodynamic studies were performed. This 
chapter describes the influence of temperature on the 
equilibria of Ag"^  - Na"^ , Mg^^ - Na"*", Ba^-^ - Na"^ , Sr^"^ - Na"^ , 
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Ca2+ - Na"^ , Cu^-^ - Na"^  Pb^"^ - Na"^ , Hg^^ - Na"^ , Mn^^ - Na"^ , 
Ni^^ - Na"*", Fe^ ''" - Na"*" exchange on Amberlite IRC-718 at 
constant ionic strength of 0.10 within the temperature range 
from 10-50*^C, the thermodynamic parameters are calculated. 
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EXPERIMENTAL 
Appara'bus: An electrical temperature controlled shaker 
(SICO) was used for shaking. 
Reagents: Synthetic sodium form of Amberlite IRC-718 was a 
Rohm & Hass Company Product (USA). Metal salts used were of 
reagent grade and further their solutions were standardized 
by EDTA method.^ 
Procedure: The exchanger was washed with distilled water so 
as to remove all the excess of NaOH from it. It was then 
dried at 40°C. The dried product of a constant mesh size in 
sodium form was used for further experimental work. 
The equilibrium experiments were performed at three 
different temperatures namely 10^C, 30°C and 50°C. 0.20 gm 
of the exchanger was placed in different conical flasks. To 
this 20 ml solution containing sodium nitrate and the 
appropriate metal nitrate having a constant ionic strength 
of 0.10 were added. The solution with the exchanger were 
shaken for 6 h in the temperature controlled shaker at 
desired temperature (to attain the equilibrium) and then the 
metal ion left was determined by titrating with EDTA 
solution using the recommended procedures. 
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Thermodynamic Treatment of Data 
The terms used for the various notations are as 
follows: 
^M'^Na'^M'^Na 
*M' ^Na 
0 M» ^ M' «^ Na 
{^^) MXg. { ^ +) NaNOg 
NaNOo MXr, 
MX 2 > NaNO 3 
Equivalent fractions of metal 
ions(M'^, M^ "^ , M^^ and Na"^  in 
exchanger and solution phase 
respectively. 
Activity coefficients of metal 
ion and Na in association 
with their equivalent in 
exchanger phase 
Activity coefficient of metal 
and Na in solution. 
Mean molar stiochiometric 
activity coefficient of salts 
in solution. 
Mean molar stoichiometric 
activity coefficient of MX2 in 
the presence of NaNOg and 
converse respectively. 
K. Thermodynamic equilibrium 
constant 
Ionic strength of the solution 
lib 
The exchange reaction for uni-univalent exchange can be 
given as: 
M^  + Na"^  ^ Na"*" + 1?" . . . (1) 
for uni-bivalent exchange 
M^"*" + iiTa"^  ^ '^  2Na"^  + T?"*" ... (2) 
for uni-trivalent exchange 
M^ "^  + SNa"^  ^ '^  SNa"^  + *M^ "^  ... (3) 
where the bar refers to the resin phase. The thermodynamic 
equilibriiim constants for all the three types of exchange 
are as follows: 
For uni-univalent exchange 
% • % a % • "^Na K^ - __ X ... (4) 
^M • ^Na *Na • ^ M 
K_ for uni-bivalent exchange 
^ = " V — ^ - - - " 2 — - " " . ••• ''' 
Vi^ for uni-trivalent exchange 
a 
Ka = - 3 — ^ "3- ••• (6) 
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Although "the individual ion solut-ion activity 
coefficient *Na'VM cannot be determined experimentally, 
however the ratio 'X - )f Na/YM ^^ "^^  ^ ® calculated from 
. MX2 , NaNOg 
values of (0 + ) and ( 6 + ) , which can in turn be 
- NaNOg - MXg 
evaluated from ( 0+)^2 "^<^  ^ V+)**^^ by the method of 
Glueckauf , whereas, the simple Debye Huckle equation (15) 
was used to evaluate the value of Vj^ for Ag ion and also 
34-for Fe [for the sake of simplicity]. 
For uni-bivalent exchange equation (7) & (8) were used. 
. MXp , 1 log (t^+) = log (Y+) [8 log ( r^.) 
- NaNOg - NaNOg 100 h - NaNOg 
- -- log (Y+) - " 5 - 3 ... (7) 
2 ~ MX2 2 (1+u "1/^) 
and 
NaNOo 1 
log (t^.) = log (Y + ) [ log (X' + ) 
-MXg "MXg 50 Ji "MX2 
- -- log (5^) - ] ... (8) 
3 - NaNOg 3 (1+u ^'^) 
\1'6 
The required function T' is thus given by 
MXg NaNOo 
log T = 4 log ( >/+) - 3 log ( Yt) • • • (9) 
- NaNOg - MXg 
Kgj can be defined in terms of the selectivity or 
Kielland coefficient (K^) as follows: 
Ka = ^c (fM/f^Na"") •• <10) 
and K^ can be evaluated using the method of Gaines & 
Thomas. In all the cases exaunined in this work exchange of 
sodium for alkaline earth and transition metal ions never 
approached Xj^ = 1, thus the original Gaines & Thomas 
treatment was not directly applicable. All experimentally 
determined values of 3^ were thus normalised, following the 
previously described procedure and recently justified in 
view of suggested alternative . The normalised equivalent 
fraction is given by 
X = ::.-- ... (11) 
M .XM(max) 
where Xj^ (max) is the maximum exchange attainable for 
transition and alkaline earth metal ions in the resin phase 
under the experimental conditions. Then 
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l og f^ Na=0.4343 X -"" X . 
_ _ N / N N 
l o g f . = - 0 . 4 3 4 3 X - X l o g K + J l o g K dX . . . . (13) 
H^^ Na Na C _N C M "^^  
M2 + 
1 N _^J 
In K^ ^ = (Zy^ - Zg) + /• In K^ dX(^i+ . . . (14) 
where ZA and Zg are the charges of the competing ions and 
the integrals were evaluated from the areas under the curves 
of fig (3.12-3.22) using the trapezoidal rule.''"^  
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RESULTS 
The exchange isotherms for various cations at different 
temperatures are plotted in fig. 3.1-3.11. 
The results of ionic fractions of metal ions, 
selectivity coefficients and thermodynamic equilibrium 
constants are given in Tables 3.1-3.11. 
Table 3.1 
EQUIVALENT FRACTION OF Mg^^, SELECTIVITY COEFFICIENTS AND 
THERMODYNAMIC EQUILIBRIUM CONSTANTS FOR Mg^^ - Na^ EXCHANGE 
ON AMBERLITE IRC - 718 
Mg2^ 
N N 
Mg2^  Mg2-
K Ka 
(a) Mg2+ - Na-^  at 10 
0.1422 
0.2390 
0.2711 
0.2817 
0.2817 
0.2465 
0.3204 
0.3380 
0.3275 
0.3549 
0.4018 
0.6734 
0.7638 
0.7935 
0.7935 
0.6943 
0.9028 
0.9524 
0.9225 
1.1000 
0.0035 
0.0179 
0.0506 
0.0943 
0.1492 
0.2290 
0.2779 
0.3653 
0.4941 
0.6339 
± 1° C 
555.06 
592.70 
424.92 
281.68 
157.30 
33.60 
312.39 
807.66 
138.61 
399.42 
12. 
N N 
Mg2' 
0. 1514 
0.3098 
0.4517 
0.5704 
0.6302 
0.6267 
0.6408 
0.6478 
0.6510 
0.6550 
Mg2- Mg2^ 
K 
(b) Mg^"^ - Na"^  at 30 ± 1^ C 
0.2315 
0.4729 
0.6881 
0.8708 
0.9621 
0.9568 
0.9783 
0.9890 
0.9938 
1.0000 
0.0016 
0.0016 
0.0050 
0.0157 
0.0429 
0.0937 
0.1440 
0.1935 
0.3040 
0.4151 
438.24 
1848.59 
2434.70 
5609.02 
25052.17 
7826.91 
18419.40 
47871.45 
71779.16 
Ka 
2074.55 
(c) Mg2+ - Na"*" at 50 ± 1' 
0.1478 
0.3028 
0.4550 
0.6056 
0.7460 
0.8620 
0.9028 
0.9200 
0.9295 
0.9507 
0.1555 
0.3185 
0.4786 
0.6370 
0.7847 
0.9119 
0.9496 
0.9677 
0.9777 
1.0000 
0.0015 
0.0016 
0.0021 
0.0034 
0.0073 
0.0182 
0.0535 
0.1029 
0.1663 
0.2394 
252.50 
732.38 
1461.49 
2460.52 
3992.62 
10841.96 
10875.98 
12639.79 
13939.72 
2772.49 
9 ••' 
Table 3.2 
EQUIVALENT FRACTION OF Ba^^, SELECTIVITY COEFFICIENTS AND 
THERMODYNAMIC EQUILIBRIUM CONSTANTS FOR Ba^^ - Na^ EXCHANGE 
ON AMBERLITE IRC - 718 
''sa^* 
0.1290 
0.2400 
0.3570 
0.4260 
0.4320 
0.4200 
0.4680 
0.4800 
0.4920 
0. 53*00 
0.1230 
0.2460 
0.3690 
0.4950 
0.6120 
0.7020 
0.7380 
0.7450 
0.7500 
0.7920 
Ba2+ 
(a) Ba2+ -
0.2430 
0.4528 
0.6698 
0.8037 
0.8150 
0.7924 
0.8830 
0.9056 
0.9283 
1.0000 
(b) Ba^"^ -
0.1553 
0-3106 
0.4659 
0.6250 
0.7727 
0.8864 
0.9318 
0.9406 
0.9469 
1.0000 
X 
Ba2+ 
Na"^  at 10 
0.0008 
0.0065 
0.0110 
0.0304 
0.0737 
0.1322 
0.1834 
0.2465 
0.3364 
0.4276 
Na"*" at 30 
0.0008 
0.0016 
0.0025 
0.0026 
0.0055 
0.0176 
0.0511 
0.1025 
0.1681 
0.2280 
N 
K 
C 
± 1*^  C 
838.50 
350.19 
829.15 
983.65 
422.79 
159.72 
333.36 
356.96 
360.37 
-
± 1° C 
425.41 
620.90 
991.31 
2593.33 
4101.42 
5743.98 
5387.53 
3194.86 
2108.46 
-
Ka 
599.59 
1239.54 
123 
\ a 2 * 
O 
0.1230 
0.2490 
0.3750 
0.5010 
0.6300 
0.7230 
0.7890 
0.6060 
0.8112 
0.6160 
(c) Ba2+ -
0.1507 
0.3051 
0.4595 
0.6139 
0.7720 
0.8860 
0.9669 
0.9877 
0.9941 
1.0000 
^ Ba2 + 
N 
K 
C 
- Na"^  at 50 ± 1° C 
0.0007 
0.0008 
0.0008 
0.0009 
0.0018 
0.0107 
0.0323 
0.0750 
0.1376 
0.2138 
408.35 
187.42 
2850.75 
7124.04 
12263.25 
950.93 
16797.60 
113512.80 
235396.95 
Ka 
7785.36 
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Table 3.3 
EQUIVALENT FRACTION OF Ca^^, SELECTIVITY COEFFICIENTS AND 
THERMODYNAMIC EQOILIBRIOM CONSTANTS FOR Ca 
ON AMBKHLITE IHC - 718 
2+ _ Na^ EXCHANOE 
''ca** 
0.1483 
0.2967 
0.4239 
0.4467 
0.4532 
0.4597 
0.4565 
0.4695 
0.4760 
0.4826 
_. N 
''ca2^ 
(a) Ca^ -^  -
0.3073 
0.6148 
0.8784 
0.9256 
0.9391 
0.9525 
0.9459 
0.9728 
0.9863 
1.0000 
""caS-
- Na"^  at 10 
0.0004 
0.0008 
0.0066 
0.0419 
0.0878 
0.1420 
0.2111 
0.2876 
0.3865 
0.5131 
N 
K 
C 
± 1° C 
2791.22 
8570.96 
14611.86 
6072.09 
3977.56 
3624.19 
1579.28 
3805.9 
8383.46 
-
Ka 
4188.09 
(b) Ca 2+ - Na at 30 + 1° C 
0.1483 
0.2967 
0.4206 
0.4590 
0.4760 
0.4560 
0.4890 
0.5080 
0.5150 
0.5347 
0.2773 
0.5549 
0.7866 
0.6584 
0.8902 
0.8528 
0.9145 
0.9500 
0.9632 
1.0000 
0.0004 
0.0008 
0.0075 
0.0380 
0.0805 
0.1322 
0.1972 
0.2681 
0.3629 
0.4743 
2313 
5793. 
3765 
1728. 
1285, 
371. 
677 
1258. 
1318 
-
.96 
85 
.28 
16 
.42 
61 
.66 
47 
.57 
2483.69 
r-
12B 
Ca2 + 
0.1430 
0.2930 
0.4157 
0.4500 
0.4040 
0.4826 
0.5021 
0.5217 
0.5413 
0.5608 
- N 
Ca2^ 
(c) Ca^ "^  
0.2644 
0.5244 
0.7412 
0.8024 
0.7203 
0.8605 
0.8953 
0.9303 
0.9652 
1.0000 
%a2^ 
- Na"*" at 50 
0.0004 
0.0016 
0.0081 
0.0409 
0.1038 
0.1337 
0.1918 
0.2617 
0.3476 
0.4537 
N 
K 
C 
± 1° C 
2129.61 
2364.92 
2059.56 
766.08 
118.08 
411.39 
461.02 
661.10 
1617.56 
Ka 
1599.58 
1 2 ; 
Table 3.4 
KQDIVALKNT FRACTION OF Sr^^, SELECTIVITY COEFFICIENTS AND 
THERMODYNAMIC EQOILIBRIDM CONSTANTS FOR Sx^^ - Na^ EXCHANGE 
ON AMBERLITE IRC - 718 
Sr' .2 + 
N 
Sr' .24-
N 
Sr2-
K Ka 
(a) Sr2+ -
0.1436 
0.2714 
0.4308 
0.4650 
0.4914 
0.4780 
0.5042 
0.5361 
0.5297 
0.5469 
0.2616 
0.4926 
0.7848 
0.8836 
0.8952 
0.8708 
0.9186 
0.9767 
0.9650 
1.0000 
Na"^  at 10 
0.0008 
0.0016 
0.0025 
0.0282 
0.0723 
0.1313 
0.1863 
0.2491 
0.3476 
0.4556 
± 1° 
948 
1806. 
10368 
3338. 
1479 
457. 
751 
6210. 
1471 
-
C 
.92 
56 
.70 
90 
.62 
94 
.39 
,33 
.00 
2816.37 
(b) Sr^ "^  - Na"^  at 30 ± 1° C 
0.1372 
0.2744 
0.4148 
0.5520 
0.6287 
0.6638 
0.6007 
0.7021 
0.7468 
0.7532 
0.1822 
0.3643 
0.5507 
0.7329 
0.8347 
0.8813 
0.7975 
0.9321 
0.9915 
1.0000 
0.0008 
0.0016 
0.0017 
0.0026 
0.0212 
0.0532 
0.1190 
0.1488 
0.2122 
0.3017 
538.80 
851.16 
2482.70 
5971.32 
2105.29 
1608.53 
193.3 
1501.27 
61209.24 
-
2717.59 
125 
X 
Sr2^ 
X 
N 
Sr2^ 
X 
Sr2+ 
K 
N 
C 
Ka 
0.1430 
0.2930 
0.4157 
0.4500 
0.404 
0.4826 
0.5021 
0.5217 
0.5413 
0.5608 
(c) Sr^ -*- - Na"^  at 50 ± 1' 
0.1639 
0.3318 
0.4996 
0.6633 
0.8085 
0.8533 
0.9307 
0.9463 
0.9855 
1.0000 
0.0016 
0.0016 
0.0088 
0.0409 
0.1038 
0.1337 
0.1918 
0.2617 
0.3476 
0.4536 
463.60 
1405.27 
3652.75 
5739.83 
4210.57 
1304.38 
3315.004 
3229.53 
27892.07 
3463.38 
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Table 3.5 
EQOIVALEHT FEIACTION OF Cu^^, SELECTIVITY COEFFICIENTS AND 
EXCHANGE 
ON AMBERLITE IRC - 718 
THERMODYNAMIC EQUILIBRIUM CONSTANTS FOR Cu^* - Na* 
X 
r. 2 + 
Cu 
X 
N 
Cu2^ 
X 
Cu2^ 
K 
N 
C 
Ka 
0.1567 
0.3148 
0.4695 
0.6114 
0.6858 
0.7027 
0.7466 
0.7606 
0.7635 
0.7700 
(a) Cu 
0.2035 
0.4088 
0.6097 
0.7940 
0.8906 
0.9126 
0.9696 
0.9877 
0.9915 
1.0000 
2+ Na"^  at 10 + 1' 
0.0005 
0.0006 
0.0016 
0.0074 
0.0280 
0.0630 
0.1136 
0.1740 
0.3016 
0.3467 
1154.66 
3072.80 
6420.59 
4129.11 
4161.75 
2759.62 
12027.60 
64762.50 
36786.25 
3866.09 
(b) Cu 2 + Na"^  at 30 + 1° C 
0.1621 
0.3412 
0.5100 
0.6550 
0.7095 
0.7364 
0.7736 
0.7770 
0.7837 
0.7939 
0.2042 
0.4297 
0.6424 
0.8250 
0.8936 
0.9276 
0.9744 
0.9787 
0.9871 
1.0000 
0.0008 
0.0008 
0.0061 
0.0083 
0.0397 
0.0832 
0.1298 
0.1967 
0.2996 
0.3691 
702.08 
2802.99 
5155.22 
5264.27 
3039.04 
2963.21 
14377.20 
11729.92 
16098.5 
3278.03 
13i 
X 
r> 2 + 
Cu 
X 
N 
Cu2^ 
X 
Cu2^ 
K 
N 
C 
Ka 
0.1680 
0.3412 
0.5100 
0.6550 
0.7939 
0.8479 
0.9220 
0.93^4 
0.9500 
0.9560 
(c) Cu2+ - Na"*" at 50 ± 1° C 
0.1757 
0.3569 
0.5335 
0.6851 
0.8304 
0.8869 
0.9644 
0.9753 
0.9937 
1.0000 
0.0008 
0.0008 
0.0016 
0.0083 
0.0129 
0.0504 
0.0815 
0.1386 
563.04 
1830.85 
2515.75 
1350.11 
3614.72 
2056.15 
13056.04 
9661.46 
0.2035 129370.39 
0.2863 
2643.87 
13^ 
Table 3.6 
EQOIVALENT FRACTION OF Pb^^, SELECTIVITY COEFFICIENTS AND 
THERMODYNAMIC EQDILIBRIOM CONSTANTS FOR Pb^* - Na* EXCHANGE 
ON AMBERLITE IRC - 718 
Pb 2 + 
N N 
Pb 2 + Pb 2+ 
K Ka 
0.1590 
0.3137 
0.3750 
0.3750 
0.3750 
0.3920 
0.3750 
0.4056 
0.42^6 
0.5960 
0.1588 
0.3176 
0.4780 
0.6275 
0.6658 
0.7040 
0.7420 
0.7729 
0.7729 
0.8112 
(a) Pb^ -^  -
0.2667 
0.5263 
0.6292 
0.6292 
0.6292 
0.6577 
0.6292 
0.6895 
0.7158 
1.0000 
(b) Pb^ "^  -
0.1957 
0.3915 
0.5893 
0.7735 
0.8207 
0.8678 
0.9146 
0.9528 
0.9528 
1.0000 
 Na"^  at 10 
0.0004 
0.0016 
0.0240 
0.0656 
0.1149 
0.1716 
0.2474 
0.3245 
0.4132 
0.4583 
- Na"^  at 30 
0.0004 
0.0008 
0.0008 
0.0035 
0.0340 
0.0700 
0.1130 
0.1660 
0.2470 
0.3291 
± 1° C 
1909.80 
2139.80 
265.98 
90.57 
45.69 
32.87 
.15.34 
13.73 
10.81 
-
± 1° C 
1164.88 
1908.11 
6079.74 
6264.30 
1026.03 
898.43 
1281.14 
2624.22 
1437.70 
-
170.72 
1152.86 
133 
Pb 2 + 
N N 
Pb 2 + Pb 2+ 
K Ka 
0.1607 
0.3252 
0.4897 
0.6658 
0.7691 
0.8227 
0.8418 
0.8607 
0.8801 
0.8916 
(c) Pb2+ -
0.1803 
0.3648 
0.5493 
0.7468 
0.8627 
0.9228 
0.9443 
0.9657 
0.9872 
1.0000 
- Na"*" at 50 
0.0008 
0.0008 
0.0009 
0.0017 
0.0129 
0.0427 
0.0879 
0.1424 
0.2092 
0.2971 
± 1° C 
509.52 
1652.37 
9328.46 
9768.38 
5441.50 
4866.32 
4218.50 
6208.30 
28193.15 
3885.42 
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Table 3.7 
EQUIVALENT FRACTION OF Hg^*, SELECTIVITY COEFFICIENTS AND 
THERMODYNAMIC EQOILIBRIDM CONSTANTS FOR Hg^* - Na* EXCEIANGE 
ON AMBEELITE IRC - 718 
Hg2 + 
X 
Hg' .2 + Hg' 
N 
K Ka 
(a) Hg2+ - Na"^  at 10 ± 1^ C 
0. 1633 
0.3109 
0.4377 
0.5280 
0.5975 
0.5836 
0.6392 
0.6600 
0.6392 
0.6669 
0.2449 
0.4662 
0.6563 
0.7917 
0.8959 
0.8751 
0.9585 
0.9896 
0.9584 
1.0000 
0.0016 
0.0097 
0.0259 
0.0565 
0.0951 
0.1718 
0.2166 
0.2791 
0.3665 
0.4286 
466.07 
280.94 
345.73 
553.57 
1212.82 
380.31 
2712.71 
35789.17 
1048.23 
-
432.68 
(b) Hg2-^  - Na^ at 30 ± 1° C 
0.1650 
0.3283 
0.4724 
0.5732 
0.6531 
0.6739 
0.7086 
0.7503 
0.7225 
0.7642 
0.2159 
0.4297 
0.6182 
0.7500 
0.8546 
0.8818 
0.9272 
0.9818 
0.9454 
1.0000 
0.0008 
0.0022 
0.0144 
0.0375 
0.0711 
0.1298 
0.1829 
0.2329 
0.3197 
0.3714 
463.29 
1014.31 
6172.40 
503.39 
834.61 
628.43 
1084.33 
12763.66 
4754.39 
-
632.70 
13b 
N N 
Hg2^ Hg ,2 + Hg2^ 
K Ka 
0.16,59 
0.3283 
0.4759 
0.5940 
0.6947 
0.7225 
0.8090 
0.8059 
0.8476 
0.8754 
(c) Hg2+ -
0.1895 
0.3750 
0.5436 
0.6785 
0.7936 
0.8253 
0.9241 
0.9206 
0.9682 
1.0000 
- Na"^  at 50 
0.0004 
0.0022 
0.0099 
0.0089 
0.0538 
0.1083 
0.1387 
0.2062 
0.2550 
0.3115 
± 1^ C 
1255.24 
737.77 
440.60 
1231.02 
526.43 
337.37 
1474.16 
758.25 
3578.34 
~ 
1299.84 
137 
Table 3.8 
EQDIVALENT FRACTION OF Mn^*, SELECTIVITY COEFFICIENTS AND 
THERMODYNAMIC EQOILIBRIDM CONSTANTS FOR Mn^* - Na* EXCHANGE 
ON AMBERLITE IRC - 718 
Mn 2+ 
N N 
Mn 2 + Mn 2-»-
K Ka 
0.1443 
0.2887 
0.4217 
0.4686 
0.5283 
0.5606 
0.5696 
0.5965 
0.6108 
0.6598 
0.1444 
0.2919 
0.4363 
0.5077 
0.5347 
0.5997 
0.5791 
0.6219 
0.6267 
0.6537 
(a) Mn^ -^  -
0.2187 
0.4376 
0.6391 
0.7505 
0.8006 
0.8799 
0.8633 
0.9257 
0.9257 
1.0000 
(b) Mn^ "^  -
0.2209 
0.4465 
0.6674 
0.7766 
0.8179 
0.9174 
0.8859 
0.9513 
0.9587 
1.0000 
- Na"^  at 10 
0.0008 
0.0017 
0.0062 
0.0299 
0.0656 
0.1013 
0.1681 
0.2290 
0.3086 
0.3820 
• Na^ at 30 
0.0008 
0.0008 
0.0018 
0.0242 
0.0635 
0.0945 
0.1409 
0.2172 
0.2998 
0.3860 
± 1° C 
702.65 
1330.68 
1297.10 
578.28 
448.18 
813.53 
319.09 
436.10 
409.27 
-
± 1° C 
722.31 
2792.15 
5640.39 
1022.52 
568.14 
1954.53 
632.34 
1867.36 
1531.02 
-
997.25 
1669.03 
3a 
X 
Mn2 + 
X 
N 
Mn2^ 
X 
Mn2 + 
K 
N 
C 
Ka 
0 .1444 
0 .2919 
0 .4299 
0 .5172 
0.5474 
0.6124 
0.6013 
0.6473 
0.6425 
0.6595 
(c) Mn 
0.2189 
0.4426 
0.6518 
0.7842 
0.8300 
0.9286 
0.9118 
0.9815 
0.9742 
1.0000 
2+ Na"^  at 50 ± 1' 
0.0008 
0.0009 
0.0036 
0.0214 
0.0593 
0.0899 
0.1548 
0.2053 
0.2910 
0.3820 
703.64 
272.94 
2476.48 
1258.76 
718.11 
2801.24 
912.52 
14827.23 
4257.79 
1495.17 
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Table 3.9 
E(WIVALENT FRACTI(»I OF Ni^^, SELECTIVITY COEFFICIENTS AND 
TBERMODYNAMIC EQOILIBRIOM CONSTANTS FOR Ni^* - Na* EXCHANGE 
ON AMBEBLITE IRC - 718 
X 
Ni2^ 
X 
N 
Ni2 + 
X 
Ni2+ 
K 
N 
C 
Ka 
0.1646 
0.3250 
0.4875 
0.5660 
0.5830 
0.6000 
0.6160 
0.6125 
0.6000 
0.6500 
(a) Ni 
0.2532 
0.5000 
0.7500 
0.8708 
0.8969 
0.9230 
0.9477 
0.9423 
0.9230 
1.0000 
2 + Na"^ at 10 + 1' 
0.0004 
0.0018 
0.0026 
0.0235 
0.0634 
0.1105 
0.1667 
0.2439 
0.3454 
0.3995 
2147.50 
210.89 
8069.98 
4006.29 
2216.85 
2121.10 
2768.66 
1267.19 
367.51 
4369.92 
(b) Ni^ "^  - Na"^  at 30 ± 1° C 
0.1646 
0.3S12 
0.4896 
0.6125 
0.6417 
0.6660 
0.6330 
0.6917 
0.6833 
0.7133 
0.2307 
0-4643 
0.6863 
0.8587 
0.8996 
0.9337 
0.8874 
0.9696 
0.9579 
1.0000 
0.0004 
0.0004 
0.0023 
0.0126 
0.0479 
0.0904 
0.1609 
0.2114 
0.3037 
0.3600 
1715.81 
7654.29 
5721.61 
6322.17 
3223.81 
3677.82 
578.92 
5871.56 
1608.62 
-
4188.08 
41 
0. 1646 
0.3312 
0.4958 
0.6479 
0.6875 
0.7250 
0.7170 
0.7500 
0.7700 
0.7900 
(c) Ni^^ -
0.2083 
0.4192 
0.6275 
0.8201 
0.8702 
0.9177 
0.9075 
0.9493 
0.9747 
1.0000 
"NI^-^ 
- Na^ at 50 
0.0004 
0.0004 
0.0009 
0.0048 
0.0360 
0.0734 
0.1324 
0.1886 
0.2646 
0.3147 
N 
K 
C 
± 1° C 
1462.19 
5344.32 
9376.66 
9920.23 
2531.92 
2998.62 
1149.34 
2413.24 
5894.22 
Ka 
3751.83 
14^ 
Table 3.10 
EQUIVALENT FRACTION OF Fe^*, SELECTIVITY COEFFICIENTS AND 
EXCHANGE 
ON AMBERLITE IRC - 718 
THERMODYNAMIC EQOILIBRIDM CONSTANTS FOR Fe^* - Na^ 
Fe 3 + 
N 
,3-»-
N 
Fe 3 + 
Ka 
(a) Fe^ "^  - Na"^  at 10 ± 1° C 
0.3645 
0.5282 
0.6181 
0.6636 
0.6909 
0.7091 
0.7273 
0.7000 
0.7727 
0.8000 
0.4556 
0.6603 
0.7726 
0.8295 
0.8636 
0.8864 
0.9091 
0.8750 
0.9659 
0.1000 
0.0008 
0.0206 
0.0499 
0.0880 
0.1344 
0.1901 
0.2560 
0.3472 
0.4315 
0.5494 
3157.54 
645.12 
949.08 
1212.58 
1380.34 
1420.93 
1636.46 
301.71 
8716.36 
617.54 
(b) Fe 3 + Na"^  at 30 + 1° C 
0.3704 
0.6727 
0.7136 
0.7545 
0.7273 
0.7455 
0.7818 
0.8091 
0.8314 
0.8500 
0.4358 
0.7914 
0.8395 
0.8876 
0.8556 
0.8771 
0.9198 
0.9519 
0.9840 
1.0000 
0.0002 
0.0067 
0.0396 
0.0769 
0.1292 
0.1839 
0.2449 
0.3199 
0.4112 
0.5300 
9706.12 
10718.70 
3817.45 
5373.83 
1220.63 
1173.68 
1616.99 
3911.84 
100231.75 
2630.69 
4o 
X 
Fe3^ 
X 
N 
Fe3^ 
X 
Fe3 + 
K 
N 
C 
Ka 
0.3704 
0.7227 
0.7863 
0.8181 
0.8409 
0.8636 
0.9000 
0.8886 
0.9227 
0.9636 
(c) Fe^"^ - Na"^  at 50 ± 1' 
0.3844 
0.7500 
0.8160 
0.8490 
0.8727 
0.8962 
0.9339 
0.9575 
0.9575 
1.0000 
0.0002 
0.0021 
0.0320 
0.0694 
0.1134 
0.1645 
0.2175 
0.3012 
0.3863 
0.4935 
6590.62 
19120.90 
3085.63 
2437.18 
2188.23 
2427.73 
6024.53 
61875.82 
6334.88 
3568.85 
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Table 3.11 
EQOIVALKNT FRACTION OF Ag+, SELECTIVITY COEFFICIENTS AND 
THERMODYNAMIC EQOILIBRIDM CONSTANTS FOR Ag^ - Na* EXCHANGE 
ON AMBERLITE IRC - 718 
Ag^ 
N 
Ag^ "Ae" 
N 
K Ka 
(a) Ag"*" Na 
0.2969 
0.4609 
0.5000 
0.5734 
0.5547 
0.5625 
0.6250 
0.6328 
0.6328 
0.6950 
0.4272 
0.6632 
0.7194 
0.7531 
0.7981 
0.8094 
0.8993 
0.9105 
0.9105 
1.0000 
L"^  at 10 
0.0050 
0.0525 
0.1400 
0.2325 
0.3225 
0.4200 
0.5000 
0.5975 
0.6970 
0.7770 
± 1" C 
150.88 
36.13 
17.64 
10.24 
8.44 
5.96 
9.08 
7.04 
4.48 
— 
41.16 
(b) Ag"^  - Na"^  at 30 ± 1° C 
0.3047 
0.5156 
0.5213 
0.5703 
0.5469 
0.6016 
0.6250 
0.6541 
0.6797 
0.7188 
0.4239 
0.7173 
0.7252 
0.7934 
0.7608 
0.8369 
0.8695 
0.9239 
0.9456 
1.0000 
0.0025 
0.0350 
0.1300 
0.2175 
0.3250 
0.4075 
0.5000 
0.5875 
0.6825 
0.7700 
298 
71. 
17, 
14. 
6 
7. 
6 
8. 
8. 
-
.46 
11 
.96 
05 
.72 
59 
.77 
67 
.23 
62.49 
146 
X 
Ag^ 
_ N 
X 
Ag^ 
X 
Ag^ 
N 
K/. 
C 
Ka 
0.3086 
0.6094 
0.6406 
0.6484 
0.6562 
0.6562 
0.6562 
0.6875 
0.7500 
0.7740 
(c) Ag"" 
0.3990 
0.7876 
0.8353 
0.8383 
0.8485 
0.8465 
0.8485 
0.8889 
0.9697 
1.0000 
- Na"^  at 50 + 
0.0125 
0.0500 
0.0950 
0.1925 
0.2900 
0.3900 
0.4900 
0.5800 
0.6600 
0.7500 
1° C 
53.31 
71.78 
49.11 
22.12 
13.94 
8.91 
5.93 
5.89 
16.81 
-
55.70 
Where 
X M XJ^ are equivalent fraction of metal ion in the 
c exchanger phase and solution phase respectively. 
N 
K, 
Normalized value of equivalent fraction of metal ion 
in the exchanger phase. 
Normalized Selectivity coefficient 
14/ 
8 .9 1.0 .1 .2 .3 U .5 .6 .7 
X Ag* 
Equivalent fraction of Ag^ ion in solution phasbe 
Fig.3.1i:ion exchange isotherm of Ag* ionon Amberlite IRC-718 
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N 
The plots of normalized In K^ Vs normalized values of 
ionic fraction of cations in exchanger phase are present in 
fig. 3.12-3.22. The thermodynamic equilibrium constants 
calculated from these plots are given in Table 3.1-3.11. 
The values of enthalpy change AH ^, free energy change 
AG ° and entropy change A S ° were calculated. Results of 
these thermodynamic parameteri are given in table 3.12. 
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fractions of Ag • ion in exchonger phase. 
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DISCUSSION 
Amberlite IRC 718 is a weakly cation exchanger but 
basically it is a chelating cation exchanger. The exchange 
with bivalent ions on Amberlite IRC 718 can be represented 
by the following equation. 
RNa"^  + M^ '*' ^ R2"^^ ^ 2 Na"^  ... (15) 
Ion exchange process, being stoichiometric will give 
+ 2+ 
equivalent amount of Na liberated to the metal ion (M ) 
taken by the exchanger. Such an exchange is presented in 
tables (3.1-3.11) and plotted in figures 3.1-3.11 in the 
form of ion exchange isotherms. The curves indicate that 
this resin prefers the bivalent ions more than the Na ion. 
At low concentration the uptake of metal ion is higher than 
that of Na but as the concentration increases the uptake 
retards and almost becomes constant. To compare the relative 
uptake of these metal ions by the exchanger, equilibrium 
constant (Ka) will be helpful. 
The selectivity coefficient Kc for ion exchange 
reaction (15) is calculated as 
V " • X^N/ Y^ Na^  
X2^^ • X„2+ i M 2 + 
15b 
Where the terms used have their usual meanings. Kc at 
different concentrations and temperatures vary non-
uniformly. 
Activity coefficient of the cation In the solution 
concentration range of interest are calculated by Debye 
Hiickle expression 
, A (Zi)2 yvT 
log ( 5 i) = -::-— ... (17) 
1 + Ba v/ii 
where A and B are constants, a is the ionic size Parameter^ ji 
is the ionic strength and Z^ is charge of the ion. The 
values of A and B are taken from the tables given 
earlier^"^'^*. For an electrolyte the mean molar 
stoichiometric activity coefficient of the salt Am Bn in the 
solution was calculated by using the general formula for 
12 
electrolyte as 
( Y^)'""'" -- ( V ^ r X (i^f^ . . . (18) 
From these values of (")( + )MX2 "^^ ^ ^ "!(+^ NaN03 °'*'^ ®^  values 
, Mxg NaNOg 
of ( 0 +) and ( 5^ .) (equation 7 and 8 and 
~ NaN03 - Mxg 
hence equation 9) were calculated. Thus the T'value was used 
N 
in the evaluation of KQ values. 
} o i 
The results of the selectivity coefficient (Table 3.1-
3.11) indicate that as the temperature increases the value 
e 
of K Q decreases. The results plotted in fig (3.12-3.22) 
reveal that the K^ value does not remain constant with the 
change in concentration of the cation and thus Ka (the 
thermodynamic equilibrium constant) was calculated using 
equation (14). 
The values of the change in thermodynamic quantities 
are calculated from the respective thermodynamic equilibrium 
constant as follows: 
- RT In Ka 
A G ° = . . - (19) 
- R d (In Ka) 
AH° = . . . (20) 
d ( 1/T) 
and AS°= ... (21) 
T 
Plots of In Ka Vs 1/T (fig 3.23 and 3.24) reveal that 
In kou and hence Ka increases with the increase is 
temperature favouring the uptake of metal ions studied then 
Na ion. These plots also give the value of/\H°. 
The results indicate that during the exchange of 
cations over Amberlite IRC 718 in Na^ form the enthalpy 
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change is positive in all cases except for Ca , Cu and 
Nj^^^. It means that the exchange process indicate that the 
process is endothermic i.e. the energy by which the 
competing cation (alkaline earth and transition metal ion) 
is attached to the exchanger matrix is higher than the 
energy of the sodium ion. Thus with the rise in temperature 
more of the exchange occurs releasing out Na to the 
px Ox P ^  
solution phase barring Ca , Cu , and N^ . 
Table 3.12 shows that the value of AG° becomes more 
negative with the rise in temperature indicating that for 
transition and alkaline earth ions the exchange process is 
spontaneous. It also infers that these metal ions are 
preferably exchanged by this exchanger than Na ion. 
The positive value of entropy change suggests that 
alkaline earth and transition metal ions are more strongly 
bound to the exchanger as compared to Ma . 
The effect of entropy change on the ion exchange can 
also be interpreted as follows. Equation AG = AH - T A S can 
- A G - A H 
also be written as = + AS. We know that 
T T 
AH is positive i.e. the reaction is endothermic, as already 
mentioned above for an endothermic reaction the principle 
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driving force is the increasing entropy of the system. The 
effect of the unfavourable change in their entropy decreases 
with the rise in temperature because A H/T decreases so 
more of the competing cation is taken up by the exchanger 
and more of Na is released. 
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Chapter-IV 
low ejccKawQe equilibria of so io cations 
mm mm fm 
H a cKeiatiHQ low ojCcKawqe fesiw -
u u 
Duo(ite ES-467. 
Ot 
i t)4 
In continuation with the studies of Amberlite IRC-718 
the thermodynamics of cation exchange was also studied on 
Duolite ES-467 a chelate ion exchanger. This exchanger is a 
macroporous weakly acidic polystyrene resin. Amino-
phosphonic group present in this resin forms complexes with 
metallic ions. It differs from other chelating resins 
containing amino acetate groups by its tendency to form 
stable complexes even in the presence of other cations. 
Duolite ES-467 forms more stable complexes with the metallic 
cations of low atomic mass. The typical ion exchange 
reaction of the metal ions with this resin can be written as: 
0 .^«2. ^ 0 
R - C H 9 - H N - C H 9 - P - ONa + M^ "^  : ^ R - CHo - NH 
2 ... 2 J , r — 2 ^ ^ 
ONa 
The resin can be used by regenerating to its original state 
by using strong acid like HCl. The equation is as follows: 
mr, 0 0 X \ ^ _ ^ II 
R - CH-NH P + 2HC1 _ ^ R-CHo - NH-CHo - P - 0H+2NaCl ho ^^ 2 .. 2 J 
•»- 2 N a 
\ OH 
For conversion to the Na form NaOH solution is passed 
through the resin bed thus H ions are replaced by sodium 
ions. 
O 
II 
R - CHg - H{i - CHg - P -OH + 2NaOH ^•—^ 
OH 
11 
R - CHg - NH — CHg - P - ONa +2H2O 
ONa 
1 b'o 
EXFERIMEHTAL: 
Apparatus: An electrical temperature controlled shaker 
(SICO) was used for shaking. 
Reagents: Synthetic Duolite ES 467 in sodium form was a Rohm 
and Hass Co. product (USA), Reagent grade metal salts of six 
different metals were used which were standardized by EDTA . 
Procedure: 
Sodium form of exchanger was washed with deionized 
water to remove all the excess of base. It was then dried at 
40*^ C. The dried product of a constant mesh size was used for 
further experimental work. 
Ion exchange capacity: 
Ion exchange capacities were deteirmined by batch 
process. 0.5 gm of exchanger was shaken for 24 hrs. with 50 
ml of 0.1M solution of different metal nitrates in stoppered 
flasks. The contents of the flask were filtered and 
titrated for the metal ion left unexchanged. The ion 
exchange capacities of Mg^ "*", Ba^ "*", Sr^ "*", Ca^ "*", Cu^ "^  and Pb^ "*" 
are given in table 4.1. 
Equilibrium Studies: 
The equilibrium experiments were performed by taking 20 
ml solution containing a known proportion of metal nitrates 
18o 
under study and sodium nitrate of ionic strength Jji=0.1 in 
100 ml stoppered conical flasks. To this solution 0.200 sin 
of the exchanger in sodium form was added and the flasks 
were shaken thoroughly in a temperature controlled shaker 
for 6 hrs at a desired temperature. Experiments show that 
equilibrium was attained within this period. The 
corresponding original solution and the metal ion left 
unexchanged were determined by titrating with EDTA solution 
using the recommended procedure. 
18V 
RESULTS 
The results of ion exchange capacity for Mg , Ba , 
.2+ n»2+ n.,2+ .2+ Sr^ . Ca^ , Cu*^  and Pb^ are presented in table 4.1. 
Table 4.1 
lOH EXCHANGE CAPACITY OF SOME CATIONS ON DOOLITE ES-467 
Cation Salt used Ion exchange 
capacity in meq/gm. 
Mg 
Sr 
Ba 
2 + 
2+ 
2+ 
Ca 
Cu 
Pb 
2+ 
2+ 
2+ 
Magnesium nitrate 
Strontium nitrate 
Barium nitrate 
Calcium nitrate 
Cupric nitrate 
Lead nitrate 
2 . 
2 . 
1. 
2, 
2, 
3 
30 
. 4 0 
71 
.25 
. 4 0 
. 9 0 
The exchange isotherms for various cations at different 
temperatures are plotted in fig 4.1-4.6. The results of 
equivalent fractions of cations, their normalized values, 
selectivity coefficients and thermodynamic constants are 
given in tables 4.2-4.7 
1S8 
Table 4.2 
EQDIVALEHT FRACTION OF Mg^ "*^ , SELECTIVITY COEFFICIENTS AND 
THERMODYNAMIC KQOILIBRIOM CONSTANTS FOR Mg^* - Na"^  EXCHANGE 
ON DOOLITE ES 467 
''Mg2^ 
0.1402 
0.2837 
0.4239 
0.5674 
0.7043 
0.7174 
0.7500 
0.7565 
0.7500 
0.7802 
(a) Mg2+ -
0.1797 
0.3636 
0.5433 
0.7272 
0.9027 
0.9195 
0.9613 
0.9696 
0.9624 
1.0000 
Mg2 + 
- Na"^  at 
0.0008 
0.0008 
0.0017 
0.0017 
0.0036 
0.0432 
0.0832 
0.1411 
0.2061 
0.3018 
N 
K 
C 
10 ± 1° C 
603.34 
1928.10 
2708.51 
9758.98 
45817.41 
5239.22 
11298.34 
9557.66 
3627.28 
-
Ka 
4105.16 
(b) Mg^ -*- - Na"^  at 30 ± 1°C 
0.1418 
0.2853 
0.4272 
0.5706 
0.7043 
0.7565 
0.7760 
0.7696 
0.7760 
0.7956 
0.1782 
0.3586 
0.5369 
0.7172 
0.8852 
0.9508 
0.9754 
0.9673 
0.9754 
1.0000 
0.0004 
0.0004 
0.0008 
0.0008 
0.0036 
0.0311 
0.0720 
0.1337 
0.2059 
0.2865 
1208.91 
3613.29 
5186.86 
18136.31 
32275.31 
20350.39 
33569.35 
8847.46 
8601.11 
-
7222.8 
18ii 
Mg2^ 
H 
Mg2' Mg2^ 
N 
K Ka 
( c ) Mg^ "*" - Na"^ a t 5 0 ± l^C 
0.1418 
0.2853 
0.4272 
0.5706 
0.7043 
0.7598 
0.7956 
0.7826 
0.7956 
0.6054 
0.1761 
0.3542 
0.5304 
0.7085 
0.8744 
0.9434 
0.9878 
0.9717 
0.9878 
1.0000 
0.0003 
0.0004 
0.0008 
0.0009 
0.0036 
0.0301 
0.0672 
0.1304 
0.1966 
0.2809 
1188.58 
3520.49 
4981.05 
16862.80 
26592.08 
10928.64 10775.17 
149728.69 
12259.38 
39808.08 
-
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Table 4.3 
EQUIVALENT FHACTIOH OF Ca^*, SELECTIVITY COEFFICIENTS AND 
THEBHODYNAMIC EQOILIESIDM CONSTANTS FOR Ca^"*^  - Na^ EXCHANGE 
ON DOOLITE ES 467 
"^CaS* 
0.1400 
0.2860 
0.4330 
0.5800 
0.6566 
0.7126 
0.7500 
0.7633 
0.7700 
0.8005 
% a 2 * 
(a) Ca^ -^  
0.1750 
0.3575 
0.5412 
0.7250 
0.8207 
0.8907 
0.9375 
0.9541 
0.9625 
1.0000 
''ca2-
- Na"^  at 10 
0.0016 
0.0016 
0.0017 
0.0017 
0.0212 
0.0496 
0.0889 
0.1451 
0.2170 
0.2946 
K 
C 
± 1° C 
274.48 
890.06 
2546.97 
9329.40 
1915.07 
2253.88 
3720.06 
3786.52 
3210.04 
-
Ka 
2655.79 
(b) Ca2+ - Ha* at 30 ± 1° C 
0.1430 
0.2900 
0.4366 
0.5830 
0.6933 
0.7433 
0.7700 
0.7866 
0.7860 
0.8100 
0.1765 
0.3580 
0.5390 
0.7197 
0.8559 
0.9176 
0.9506 
0.9711 
0.9711 
1.0000 
0.0007 
0.0008 
0.0004 
0.0008 
0.0109 
0.0399 
0.0820 
0.1357 
0.2091 
0.2884 
601.64 
1799.43 
3291.84 
18931.48 
6141.25 4167.201 
5170.27 
6645.44 
10624.9 
5773.85 
-
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Ca' 2+ 
N N 
Ca* 2+ Ca 2+ 
K Ka 
0.1450 
0.2916 
0.4383 
0.5833 
0.7266 
0.8000 
0.8133 
0.8133 
0.8000 
0.8266 
(c) Ca2+ • 
0.1754 
0.3527 
0.5302 
0.7057 
0.8790 
0.9678 
0.9839 
0.9839 
0.9678 
1.0000 
- Na"^  at 
0.0004 
0.0004 
0.0004 
0.0008 
0.0018 
0.0231 
0.0672 
0.1252 
0.2028 
0.2800 
50 ± 1^ C 
1069.90 
3491.63 
9965.50 
15698.82 
55259.50 8777.96 
63407.81 
81585.89 
38514.17 
4855.66 
-
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Table 4.4 
EQOIVALENT FHACTION OF Ba^*, SELECTIVITY COEFFICIEHTS AHD 
THEBMODYHAHIC EQOILIBHIOH CONSTANTS FOB Ba^^ - Na^ KXCHAN8K 
ON DOOLITE ES 467 
Ba' 2+ 
N H 
Ba' 2+ Ba' 2+ 
Ka 
0.1666 
0.3421 
0.5175 
0.6660 
0.6579 
0.6929 
0.7041 
0.6927 
0.7366 
0.6157 
(a) Ba^* • 
0.2042 
0.4194 
0.6344 
0.8165 
0.8065 
0.8459 
0.8632 
0.8492 
0.9030 
1.0000 
- Na^ at 10 
0.0016 
0.0016 
0.0017 
0.0054 
0.0490 
0.0880 
0.1415 
0.2176 
0.2903 
0.3653 
± 1° C 
314.28 
1160.29 
4243.20 
6774.18 1239.55 
606.91 
540.59 
366.38 
160.32 
254.45 
-
(b) Ba^^ - Na"^  at 30 ± 1° C 
0.1732 
0.3486 
0.5241 
0.6929 
0.7324 
0.8070 
0.8333 
0.6553 
0.8412 
0.9122 
0.1898 
0.3821 
0.5747 
0.7595 
0.8028 
0.8847 
0.9135 
0.9376 
0.9221 
1.0000 
0.0004 
0.0004 
0.0004 
0.0018 
0.0319 
0.0585 
0.1034 
0.1599 
0.2455 
0.3157 
112.99 
3719.91 
11249.91 
11084.27 
925.88 
1540.09 
1447.52 
1626.01 
538.71 
4359.009 
1 7 i > 
Ba' 2+ 
N M 
Ba' 2^ Ba' 2+ 
K Ka 
0.1732 
0.3860 
0.5241 
0.6973 
0.8684 
0.9521 
0.9736 
0.9824 
0.9824 
0.9917 
(c) Ba^-^ • 
0.1746 
0.3515 
0.5284 
0.7031 
0.8756 
0.9601 
0.9817 
0.9906 
0.9906 
1.0000 
- Na"^  at 
0.0005 
0.0004 
0.0004 
0.0009 
0.0019 
0.0221 
0.0643 
0.1184 
0.1895 
0.2779 
50 ± 1<^  C 
765.75 
3184.94 
9054.40 
13651.71 
46040.48 9228.02 
39795.79 
61541.51 
11465.52 
60547.90 
-
17b 
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Table 4.5 
IQDIVALKNt FRACTION OF Sr^*, SELECTIVITY COEFFICIENTS AND 
THKBMODYNAMIC EQDILIBRIDM CONSTANTS FOB Sr^* - Na* KXCHAHBE 
ON DOOLITE SS 467 
Sr' 2+ 
N 
Sr2- Sr' .2+ 
N 
ICa 
0.1312 
0.2687 
0.4035 
0.5432 
0.6187 
0.6313 
0.6344 
0.6375 
0.6250 
0.6974 
(a) Sr2+ 
0.1881 
0.3853 
0.5780 
0.7775 
0.8873 
0.9065 
0.9096 
0.9142 
0.8962 
1.0000 
- Na"^  at 
0.0015 
0.0016 
0.0025 
0.0022 
0.0283 
0.0620 
0.1043 
0.1799 
0.2687 
0.3293 
10 ± 1^ C 
279.92 
968.79 
1970.89 
10988.48 
3554.43 
2244.04 
4285.09 
708.01 
252.95 
-
669.55 
(b) Sr^ "^  - Na"*" at 30 + 1° C 
0.1359 
0.2734 
0.4109 
0.5468 
0.6625 
0.7062 
0.6937 
0.7250 
0.7375 
0.7500 
0.1812 
0.3646 
0.5478 
0.7290 
0.8833 
0.9416 
0.9249 
0.9666 
0.9833 
1.0000 
0.0004 
0.0004 
0.0004 
0.0009 
0.0073 
0.0371 
0.0925 
0.1410 
0.2005 
0.2941 
1083.78 
3380.36 
9958.74 
17583.24 
13375.01 
10522.01 
2226.57 
6956.57 
17348.50 
4125.74 
(c) Sr2+ - Na"^  at 50 ± 1° C 
i va 
X 
Sr2+ 
X 
N 
Sr2+ 
X 
Sr2+ 
N 
K 
C 
Ka 
0.1359 
0.2734 
0.4270 
0.5468 
0.6718 
0.7125 
0.7281 
0.7500 
0.7500 
0.7531 
0.1805 
0.3630 
0.5603 
0.7261 
0.8920 
0.9461 
0.9668 
0.9958 
0.9958 
1.0000 
0.0004 
0.0004 
0.0004 
0.0008 
0.0045 
0.0351 
0.0797 
0.1304 
0.2027 
0.2923 
1077.75 
3407.24 
10516.99 
16934.83 
25731.31 16730.69 
13173.10 
14214.47 
523884.70 
283311.39 
-
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Table 4.6 
KQOIVALKNT FHACTION OF Cu^^, SELECTIVITY COEFFICIENTS AND 
TBEBMODYMAMIC EQUILIBRIOM CONSTANTS FOR Cu^* - Na* EXCHANGE 
ON DOOLITE ES 467 
Cu' 2+ 
N 
Cu' 2+ Cu' 2+ 
N 
K Ka 
(a) Cu2+ - Na"*" at 10 ± 1° C 
0.1406 
0.2859 
0.4297 
0.5672 
0.6936 
0.7719 
0.6062 
0.7875 
0.8062 
0.8125 
0.1730 
0.3519 
0.5289 
0.6981 
0.8539 
0.9500 
0.9922 
0.9692 
0.9922 
1.0000 
0.0008 
0.0008 
0.0008 
0.0021 
0.0072 
0.0275 
0.0653 
0.1308 
0.1845 
0.2797 
543.93 
1785.06 
4751.75 
5970.83 
9236.76 
22025.70 
370337.35 
9888.13 
99774.08 
3698.73 
(b) Cu2+ - Na^ at 30 ± 1° C 
0.1406 
0.2859 
0.4297 
0.5719 
0.7062 
0.7812 
0.6125 
0.8187 
0.8187 
0.8375 
0.1679 
0.3414 
0.5132 
0.6829 
0.6432 
0.9328 
0.9701 
0.9761 
0.9761 
1.0000 
0.0008 
0.0008 
0.0006 
0.0009 
0.0035 
0.0245 
0.0631 
0.1182 
0.1878 
0.2658 
521.18 
1648.84 
4364.98 
13208.53 
16304.05 
13443.39 
25451.01 
18836.12 
10057.71 
5854.70 
ISi 
Cu' 2+ 
N 
Cu 2+ Cu' 2 + 
N 
K Ka 
0 .1406 
0 . 2 8 5 9 
0 .4297 
0 .5719 
0 .7125 
0 .7937 
0 .8187 
0 . 8 2 5 0 
0 .8312 
0 . 8 4 0 0 
(c) Cu 
0.1673 
0.3401 
0.5112 
0.6803 
0.8476 
0.9442 
0.9739 
0.9814 
0.9888 
1.0000 
2 + Na"^ at 
0.0008 
0.0008 
0.0008 
0.0009 
0.0018 
0.0207 
0.0597 
0.1157 
0.1819 
0.2643 
50 ± 1° C 
518.58 
1636.09 
4266.14 
12806.02 
33862.25 
23288.23 
35097.13 
31780.87 
48076.43 
6785.21 
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Table 4.7 
EQDIVALENT FRACTION OF Pb^^, SELECTIVITY COEFFICIENTS AND 
THERMODYNAMIC EQOILIBRIDM CONSTANTS FOR Pb2+ - Na^ EXCHANGE 
ON DUOLITE ES 467 
% b 2 * 
0.0769 
0.1577 
0.2385 
0.3192 
0.3923 
0.4B27 
0.5077 
0.5365 
0.5346 
0.5585 
^ 2+ 
(a) Pb^"^ • 
0.1377 
0.2824 
0.4270 
0.5715 
0.7024 
0.8643 
0.9090 
0.9606 
0.9572 
1.0000 
%b2^ 
- Na"*" at 10 
0.0016 
0.0016 
0.0017 
0.0018 
0.0037 
0.0067 
0.0312 
0.0646 
0.1461 
0.2000 
N 
K 
C 
± 1° C 
168.95 
500.32 
1116.48 
2580.45 
3115.71 
9858.36 
4835.64 
4598.95 
3818.90 
-
Ka 
1261.43 
(b) Pb2+ - Na^ at 30 ± 1° C 
0.0788 
0.1596 
0.2403 
0.3192 
0.4000 
0.4750 
0.5173 
0.5462 
0.5577 
0.5707 
0.1366 
0.2767 
0.4167 
0.5535 
0.6936 
0.8236 
0.8970 
0.9471 
0.9671 
1.0000 
0.0007 
0.0008 
0.0008 
0.0018 
0.0018 
0.0048 
0.0259 
0.0586 
0.1098 
0.1797 
343.48 
954.47 
2131.27 
2301.70 3369.43 
5988.99 
17995.58 
4536.12 
7495.40 
9443.04 
-
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N N 
Pb 2+ 
0.0798 
0.1606 
0.2404 
0.3192 
0.4000 
0.4769 
0.5212 
0.5693 
0.5769 
0.5802 
.2+ Pb 
(c) Pb 
0.1375 
0.2708 
0.4143 
0.5501 
0.6894 
0.8219 
0.9812 
0.8988 
0.9943 
1.0000 
Pb 2+ 
K 
2-»- Na"*" at 50 + 1° C 
0.0004 
0.0004 
0.0008 
0.0018 
0.0018 
0.0039 
0.0238 
0.0445 
0.0961 
0.1390 
711.73 
1911.69 
2102.08 
2253.16 
5666.89 
9739.43 
162780.44 
2636.71 
394484.70 
Ka 
4817.45 
The plots of normalized In Kc Vs normalized values of 
equivalent fraction of cation in exchanger phase are presented 
in fig. 4.7-4.12. The thermodynamic equilibrium constants 
calculated from these plots are given in tables 4.2-4.7 
The values of enthalpy change ^ iP, free energy change 
A G° and entropy change A S° calculated by corresponding 
relations are summarised in table 4.8. 
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18'. 
Fig.4.8 Normalized plots of selectivity coefficients vs. 
equivalent fraction of Ca^* ion In exchanger phase 
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Table 4.8 
THERHODYMAMIC PARAMETERS FOR l^^ - Na^ EXCHANGE ON DOOLITE 
ES 467 AT CONSTANT IONIC STRENGTH AT VARIOUS TEMPERATURES 
(a) For Mg^ "*"—• Na"*" exchange 
Thermodynamic Temperature 
Paramete r 
10 + °C 30 ± 1°C 50 ± 1°C 
Ka 4105.16 7222-815 10775.17 
A G° (KJ mole"^) -9.79 -11.19 . -12.47 
A H°(KJ mole"^) +18.71 
AS°(J mole"^ degree"^) +98.54 
(b) For Sr^"*" - Ua* exchange 
Thermodynamic Temperature 
Parameter 
10 + 1°C 30 + 1°C 50 ± 1°C 
Ka 6 2 9 . 5 4125 .74 16730.68 
A G ° ( K J mole"^ ) - 7 . 5 8 - 1 0 . 4 9 - 1 3 . 0 6 
A H ° (KJ mole"^ ) +62.36 
A S * ' ( j m o l e " ^ d e g r e e " ^ +240.04 
19. 
(c) For Ba^* - Na* exchange 
Thermodynamic Temperature 
Parameter 
10 ± 1°C 30 ± 1°C 50 ± 1°C 
Ka 1239.54 4359.01 9228.02 
AG°(KJ mole'^j -9.28 -10.50 -12.19 
AH^(K:r mole"^) +37.47 
AS^(J mole"^ degree"^) +157.80 
(d) For Ca^"*" - Na"*" exchange 
Thermodynamic Temperature 
Parameter 
10 + 1°C 30 + 1°C 50 ± 1°C 
Ka 2654.47 4 1 6 7 . 2 0 8777 .97 
Z \ G ° ( K J m o l e ' ^ J - 8 . 3 8 - 1 0 . 5 6 - 1 2 . 2 6 
Z ^ H 0 ( K J m o l e ' l j +29.52 
A S ° ^ J mole~^ d e g r e e "M +132.58 
ISi 
(e) For Cu^"*" - Na"*" exchange 
Thermodynamic Temperature 
Parameter 
10 ± l^ C 30 ± 1°C 50 ± 1°C 
Ka 3698.75 5854.70 6785.21 
AG°(KJ mole"^) -9.67 -10.93 -11.85 
A H ° ( K J mole'^ J +16.63 
AS°(X'>noa.^  degree"^) +90.57 
(f) For Pb^"*" - Na"*" exchange 
Thermodynamic Temperature 
Parameter 
10 + 1°C 30 + 1°C 50 ± 1°C 
Ka 1261.43 3369 .43 4 8 1 7 . 4 5 
AG°fKJ mole"^ ) - 8 . 4 0 - 1 0 . 2 3 - 1 1 . 3 9 
A H ^ ( K J m o l e ' ^ j +31.26 
A S ^ ( j mo le"^ d e g r e e "^J - 1 3 6 . 1 9 
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DISCUSSION 
Ion exchange is a stoichiometWc process hence, the ion 
exchange equilibria can be studied by the application of 
mass action law. For the exchanger in Na form and solution 
having bivalent counter ion M at equilibrium, the exchange 
may be represented as 
2 TJa"^  + M^ -^  (aq) ^ Tl^^ + 2Na'*" (aq) 
where bar represents the resin phase. The thermodynamic 
equilibrium constant for the above reaction may be written 
as 
j^j^ — — • (4) 
(•i^ /)2 (aM^^) [Na-'ja [M^^] ^^ ^^^ • f ^'' 
where J represents activity coefficient in the exchanger 
phase and f the activity coefficient in the aqueous phase. 
Individual values of Y Na and can not be 
determined experimentally but the ratio 
s/ "^2 
can be calculated from the values of ( o i:) and 
NaN03 
NaNO^ 
(oi) which can in turn be evaluated from ( o ±) Na NO-a 
and ( Y ±) Mxo by the Glueckauf method. 
I3b 
In order to calculate the value of laean molar 
stoichiometric activity coefficient [( Y±) MX2, ( ^ ±) NaNOal 
of salts in solution, Yj|^  for individual cation and anion is 
3 
calculated using Debye Huckle equation 
AZ. 2 /IT 
logVi = --^— ... (5) 
1 + Ba yjx 
where h 
a 
B 
h 
" 
= 
= 
= 
0.51 , 
ionic size parameter 
3.3 X 10^ 
ionic strength 
Thus* (V±)°''^ '^ = ( YA)"™ X ( Y B ) " ... (6) 
will give the value of ( ^  ±) Mxg or ( "it) NaNOg. 
Hence T can be calculated using equations 7,8,9 of Chapter 
III in this thesis. 
An examination of the ion exchange isotherms Fig. 4.1-
4.6 shows that the isotherms are above the diagonal 
indicating there by that bivalent cations are strongly 
preferred in comparison to Na by this resin. The affinity 
of the cations increases with the rise in temperature and 
the selectivity sequence was 
Mg 2^ - > Cu2+ > Ca2-^ > pb^^ > Ba^^ > Sr^^ 
13V 
Thus with the rise in temperature there is increase in 
the value of selectivity coefficient. 
The results plotted in Fig. 4.7-4.12 reveal that the 
selectivity coefficient K^ does not remain constant with the 
2 + 
varying concentration of the cation M in the solution and 
hence Ka should be calculated. It can be defined in terms of 
K^ the selectivity (or Kielland) coefficient in the 
following way. 
Ka = K^  (/M/ f^Na) 
Ka can be evaluated using the method of Gaines and Thomas.^ 
but in this work the exchange of Na^ for bivalent metal ions 
considered never approached X- = 1 hence Gaines and Thomas 
treatment was not directly applicable. All the 
experimentally determined values of XL^  were thus normalised 
following the procedure described by Barrer et al.^ The 
normalized equivalent fraction can be written as 
X = -Jl 
M X^ (max) 
where X^ ^ (max.) is the maximum attainable exchange in the 
resin phase under experimental conditions. Thus 
r' N __ N 
In Ka = (Z^ - Zg) + In K d X _^ ... (8) 
oJ C M^"*" 
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where Z* and Zg are the charges of the competing ions and 
the integrals were evaluated from areas under, the curves of 
fig (4.7-4.12) using the trapezoidal ruleT The values of 
the changes in the thermodynamic quantities were calculated 
from the respective thermodynamic equilibrium constants. 
The standard free energy of exchange A Gf'^  was 
determined for each system per equivalent at different 
temperatures from the following relation. 
-RT 
£^QO - In Ka ... (9) 
where Z^ and Zg are the charges on the two cations involved 
in the exchange, R is the gas constant, T is the absolute 
temperature. The results in table (4.8) indicate that during 
the exchange of cation over this resin in sodium form the 
free energy change is negative in all cases revealing that 
this cation exchange is spontaneous in accordance with the 
charge relations. 
The values of changes in standard enthalpy (A H°) can 
be evaluated by equation. 
d In Ka 
A H ° = - R ... (10) 
d (1/T) 
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Slope of the straight line obtained by plotting In Ka Vs 1/T 
gives the value of AH° (Fig 4.13). The results given in 
table (4.8) show a positive enthalpy change there by 
indicate that the reaction is endothermic or in other way 
the binding energy of one bivalent metal ion (alkaline 
earth, Cu^ "*", Pb ) is higher than that of one atom of 
sodium. 
The standard entropy change AS*^ is then calculated 
following the equation 
AG^ = AH° - T A S ° ... (11) 
The results of entropy changes Table (4.8) produce a 
remarkable effect on the ion exchange mechanism. The gain in 
entropy indicates the lesser order produced in the forward 
reaction during Mg^ "*", Ba^ "*", Sr^ "^  , Ca^'*', Cu^ "*" and Pb^ "*" ions 
transfer to Duolite ES 467. The entropy change includes 
two reactions, one occurring at the interphase and the other 
in the solution. Exchange of bivalent ions from solution to 
exchanger phase results in the mobilization and increase in 
the degree of freedom of the bivalent metal ions in the 
exchanger phase, which contribute to the increase in 
entropy. 
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Chapter-V 
Mecfiamst of Cation EjCcfiattQe OH a 
cfielatmg low ejCcfiaHQer Ambrttte -
Mm. 
An interest has been developed recently in the 
theoretical behaviour of ion exchange. A study of kinetics 
of ion exchange will ascertain, in the real sense, the 
applicability of possible rate laws, the rate determining 
step and the mechanism of the ion exchange process on simple 
ion exchange system. The redistribution of counter ions 
takes place by the process of diffusion and chemical factors 
are less significant. In a few cases studied with chelate 
ion exchangers the mechanism has been found to be governed 
by diffusion process and not by a chemical reaction. 
Kinetic studies on ion exchanger were mainly started by 
Nachod and Wood.^ However, for the chelate ion exchangers 
the certainty is not developed because in such cases the ion 
exchange site is a complexing ligand and a chemical bond 
formation may play an important role. Although in one 
attempt of this type on Dowex A-1 resin having 
imlnodiacetate complexing fixed group, the kinetically slow 
step was found to be particle diffusion. In the kinetic 
study on Bio chelax - 100 basically a chelating resin the 
exchange of the alkaline earth ions was again found through 
diffusion process. Similar studies were done on Dowex A-1 
resin by Turse and Rieman.'* They studied the kinetics of 
isotope exchange on it. 
2\r 
To understand the mechanism of Ion exchange on 
commercial chelating resin Amberlite IRC-718 our studies are 
summarized in this chapter. Experimental and theoretical 
approaches have been used to show the rate of diffusion 
through the particles. Different kinetic and thermodynamic 
parameters have been calculated under the conditions 
favouring a particle diffusion control mechanism. "Bt 
technique" "Nernst-planck equation" and the recent "Ash 
model" have been used to calculate these parameters and 
compared. 
2Q4 
EXPERIMENTAL 
The resin used was Amberlite IRC-718 prepared by Rohm 
and Hass Co. supplied as a mixture of different mesh size in 
sodium form. The resin was washed with deionized water till 
the pH of the eluent was neutral. It was then dried at 40°C 
and used for further studies. 
Ion exchange capacity-
The ion exchange capacity of the resin was determined 
by passing 0.1M solution of different metal ions as their 
nitrates and titrating the eluting solution to find out the 
amount of metal ion exchanged by the yesin. The capacity was 
checked by the recycling process. Capacities for different 
metal ions under consideration are given in table 5.1. 
ION EXCHANGE 
Cations 
M«2+ 
Ba2^ 
Ca2+ 
Sr2^ -
Cu2^ 
Pb2^ -
CAPACITY 
CATIONS 
Table i 5.1 
OF AMBERLITE IBC-
AT BOOH TEMPERATORE 
Salts taken 
Mg(N03)2 
Ba(N03)2 
Ca(N03)2 
Sr(N03)2 
Cu(N03)2 
Pb(N03)2 
718 FOB VAfilOOe 
Ion exchange 
capacity (meq/gm) 
2.13 
2.50 
2.30 
2.35 
2.22 
1.96 
liOu 
Bate of Exchange 
Rate of exchange of Cu(II) was determined by batch 
process. 20 ml of 0.1 M Cu(N03)2 solution was shaken with 
0.500 gm of exchanger at different intervals of time and the 
amount of Cu(II) exchanged was calculated by the difference 
in the amount initially taken and amount found after 
shaking. 
Blinetic measurements 
Conditions approaching to infinite bath technique were 
used to perform the kinetic measurements, Amberlite IRC 718 
was sieved into particles of different mesh size (35, 45 and 
60). Particles of mean radius 1.75 x 10~^ cm (mesh size 45) 
were used for studies unless otherwise stated. Nitrate salt 
solutions (20 ml of 0.05 M) of the cation were thermostated 
at the required temperature in stoppered conical flask. A 
weighed amount of exchanger (0.200 gm) was added and the 
flasks were thoroughly shaken. After appropriate intervals 
the contents of the flasks were decanted and the necessary 
analyses were carried out to determine the extent of 
exchange. The ion diffusion studies were conducted at 10, 
30. 40 and 50 ± 1°Q. 
Analytical Procedures: The alkaline earths (Ca^ "*", Sr^ "*", Ba^ '*' 
2+ 
and Mg ) were determined by titrating with EDTA using 
OB 
Eriochrome black T as an indicator. Copper (II) was 
determined complexometrically using PAN indicator and lead 
(II) using Cu-PAN indicator. For control purposes the 
cation determinations were carried out both in the solution 
and in the resin phase (eluting the cation with 10% HCl). 
Interruption test: 
For performing interruption test thirteen stoppered 
conical flasks were taken. In each flask 20 ml of Cu^ "*" 
solution was taken and thermostated at 3CPC. To each flask 
0.2 tk gm of exchanger was added and after the specific time 
interval the solution was separated from the exchanger 
beads. After 5 minutes the exchanger beads were quickly 
separated from the solution for a period of 10 minutes after 
which they were re-immersed in their respective flasks and 
2+ the experiment was continued. The Cu content in the 
supernatent solution was determined at various time 
intervals again. 
2i] 
RESULTS 
Rate of exchange for Cu(II) was determined by batch 
process and the results are presented in table 5.2 plotted 
in figure (5.1). 
Table 5.2 
RATE OF EXCHANGE OF Cu^* ON AMBERLITE IRC-718 AT CONSTANT 
TEMPERATURE AND PARTICLE SIZE 
Time I F U(t) 
(min) 
2 21 17.5 0.4242 
4 21 16.5 0.5454 
6 21 15.5 0.6600 
8 21 15.0 0.7272 
10 21 14.0 0.8400 
12 21 14.0 0.8400 
14 21 13.5 0.9000 
16 21 13.5 0.9000 
18 21 13.0 0.9700 
20 21 14.0 0.8400 
25 21 12.8 1.0000 
1 hr 21 12.8 1.0000 
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The distribution studies were carried out for various 
metal ions by batch process in usual manner. A known amount 
of cation solution was shaken for six hrs at room 
temperature with 0.5 gm of exchanger in a conical flask 
containing the solution in which the distribution studies 
were carried out. The total volume in all the cases was 50 
ml. The supernatent solution was drained off and metal ions 
remaining in the solution were determined titrimetrically 
with a standard EDTA solution. The distribution coefficient 
(Kd values) for metal ions were calculated by using the 
following equation. 
I-F 50 
Kd = X ml gm 
F 0.5 
where I and F are the initial and final volumes in ml of the 
EDTA consumed before and after equilibrium respectively. The 
results of Kd values of different metal ions are summarized 
in table (5.3). 
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Table 5.3 
Kd VALUES OF DIFFERENT METAL IONS 
Metal ions 
Cu2 + 
Pb2^ 
Mg2^ 
Ca2^ 
Ba2^ 
Sr2^ 
HgO 
285.82 
214.02 
124.29 
104.34 
113.67 
122.22 
Solution of 
pH = 3 
632.35 
600.00 
15.38 
24.65 
18.00 
20.00 
Solution of 
pH :: 4.5 
2073.00 
675.00 
51.00 
62.00 
75.00 
62.00 
Interruption test was performed for Cu^ - Na exchange 
on Amberlite IRC-718 in Na"^  form. The U(t) (fractional 
attainment of equilibrium) values as a function of time 
before and after interruption of 10 minutes at 30 jt 1°C are 
given in table 5.4 and are plotted in fig. 5.2. 
7 1 , 
Table 5.4 
INTERROPTION TEST FOR Cu^^ - Na^ EXCHANGE ON AMBERLITE IRC-
718 AT 30 + 1°C 
Interruption applied after 
10 minutes of shaking 
SI.No. Time 
(min) 
U(t) 
Interruption applied after 
5 minutes of shaking 
Time 
(min) 
U(t) 
1. 
2. 
3. 
4. 
5. 
2 
4 
6 
8 
10 
10 min interruption 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
2 
4 
6 
8 
10 
12 
0.33 
0.50 
0.61 
0.65 
0.69 
0.70 
0.83 
0.88 
0.88 
0.88 
0.94 
1/2 
1 
2 
4 
5 
0. 11 
0.22 
0.33 
0.44 
0.50 
10 min interruption 
0 0.50 
1/2 0.55 
1 0.55 
2 0.66 
4 0.72 
8 0. 72 
8 0.83 
10 0.83 
Effect of temperature 
In order to see the effect of temperature the kinetics 
was performed for Cu^ "*", Pb^"^, Mg^"^, Ba^"^, Ca^"^ and Sr^"^ at 
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four different temperatures viz. 10, 30, 40 and 50 ± 1°C. 
[J(t) values as a function of time are calculated and the 
corresponding Bt-values are taken as tabulated by 
Reichenberg . The results are given in tables 5.5-5.10. The 
results of D(t) Vs time at different temperatures for the 
above mentioned cations are plotted in fig. 5.3-5.8. While 
the^ results of Bt Vs time are plotted in figures 5.10-5.15. 
Nernst-planck equation was also used in order to compare the 
results. 
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Table 5.5 
D(t), Bt, T(obs). r(cal) VALUES AS A FUNCTION OF TIME FOR 
Cu2+ ON AMBKRLITE IRC-718 AT DIFFERENT TEMPERATORES. 
Time 
(min) 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
U(t) 
Cu2^- -
0.2940 
0.4705 
0.5294 
0.5880 
0.7058 
0.7940 
0.8235 
0.8235 
0.8823 
0.9411 
Bt tCObs) 
- Na"*" exchange at 10*^ C 
0.0885 
0.2597 
0.3467 
0.4533 
0.7510 
1.0904 
1.2415 
1.2415 
1.6457 
2.4260 
0.0093 
0.0259 
0.0327 
0.0446 
0.0785 
0.1085 
0.1242 
0.1242 
0.1663 
0.2366 
T(Cal) 
0.0076 
0.0152 
0.0379 
0.0604 
0.0834 
0.1061 
0.1289 
0.1516 
0.1743 
0.1971 
Cu^ "*" - Na"*" exchange at 30°C 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0.4242 
0.5454 
0.6600 
0.7272 
0.8400 
0.8400 
0.9000 
0.9000 
0.9700 
0.8400 
0.1990 
0.3820 
0.6200 
0.8320 
1.3400 
1.3400 
1.8000 
1.8000 
3.0100 
1.3400 
0.0204 
0.0369 
0.0608 
0.0809 
0.1343 
0.1343 
0.1833 
0.1833 
0.2983 
0.1343 
0.0237 
0.0466 
0.0695 
0.0924 
0.1152 
0.1381 
0.1609 
0.1839 
0.2067 
0.2296 
21o 
Time 
(min) 
2 
4 
6 
6 
10 
12 
14 
16 
18 
20 
U(t) 
CuS"^  -
0.4500 
0.6000 
0.7200 
0.7900 
0.8500 
0.9000 
0.9000 
0.9700 
0.9400 
0.9700 
Bt 
 Na exchange 
0.2340 
0.4790 
0.7980 
1.0730 
1.4040 
1.8000 
1.8000 
3.0100 
2.3200 
3.0100 
f(Obs) 
at 40°C 
0.0234 
0.0470 
0.0785 
0.1065 
0.1410 
0.1833 
0.1833 
0.2983 
0.2348 
0.2983 
r(Cal) 
0.0187 
0.0499 
0.0812 
0.1125 
0.1438 
0.1750 
0.2063 
0.2376 
0.2689 
0.3001 
Cu^"^ - Na"*" exchange a t 50°C 
2 
4 
6 
6 
10 
12 
14 ' 
16 
18 
20 
0.5625 
0.6875 
0.7500 
0.8750 
0.9375 
0.9375 
0.9687 
1.0000 
1.0000 
1.0000 
0.4000 
0.7030 
0.9050 
1.6230 
2.3200 
2.3200 
3.0100 
e>c 
«»C 
oe 
0.0398 
0.0683 
0.0893 
0.1600 
. 0.2306 
0.2308 
0.2946 
-
-
-
0.0272 
0.0712 
0.1151 
0.1590 
0.2031 
0.2470 
0.2909 
-
-
-
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Table 5.6 
0(t), Bt, T(obs), r(cal) VALOKS AS A FDNCTION OF TIME FOR 
Pb2+ ON AMBERLITE IRC-718 AT DIFFERENT TEMPERATURES. 
Time 
(min) 
U(t) Bt r(Obs) rCCal) 
Pb ^^  - Na"*" exchange at 10°C 
2 
4 
6 
6 
10 
12 
14 
16 
18 
20 
0.3750 
0.5625 
0.6250 
0.6500 
0.7500 
0.8130 
0.8440 
0.8750 
0.8750 
0.9940 
0.1577 
0.4000 
0.5450 
0.9050 
0.9050 
1.1710 
1.3400 
1.6230 
1.6230 
6.4130 
0.0145 
0.0372 
0.0491 
0.0847 
0.0847 
0.1133 
0.1133 
0.1321 
0.1556 
-
0.0201 
0.0368 
0.0536 
0.0704 
0.0872 
0.1039 
0.1207 
0.1375 
0.1543 
-
Pb^ "^  - Na"^  exchange at 30 °C 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0.3750 
0.6250 
0.7200 
0.8125 
0.8125 
0.8750 
0.8750 
0.8750 
0.9100 
0.9100 
0.1577 
0.5450 
0.7980 
1.1710 
1.1710 
1.4680 
1.4680 
1.4680 
1.9100 
1.9100 
0.0145 
0.0491 
0.0742 
0.1131 
0.1131 
0.1557 
0.1557 
1.1557 
0. 1911 
0.1911 
0.0458 
0.0617 
0.0777 
0.0936 
0.1095 
0.1255 
0.1414 
0.1574 
0.1733 
0.1892 
Zl 
Time 
(min) 
U(t) Bt -rCObs) 'r(Cal) 
Pb^^ - Na"^  exchange at 40°C 
2 
4 
6 
6 
10 
12 
14 
16 
18 
20 
0.4750 
0.7500 
0.7500 
0.8400 
0.8750 
0.8750 
0.8750 
0.9100 
0.9100 
0.9400 
0.2690 
0.9050 
0.9050 
1.3400 
1.4680 
1.4680 
1.4680 
1.9100 
1.9100 
2.3200 
0.0241 
0.0847 
0.0847 
0.1295 
0.1557 
0.1557 
0.1557 
0.1911 
0.1911 
0.2341 
0.1115 
0.1177 
0.1240 
0.1303 
0.1366 
0.1428 
0.1491 
0.1554 
0.1617 
0.1679 
Pb^ "*" - Na"*" exchange at 50°C 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0.7140 
0.8570 
0.8930 
0.8750 
0.8930 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
0.7650 
1.4680 
1.7100 
1.6230 
1.7100 
oc 
oC 
«»c 
O C 
<»C 
0.0723 
0.1413 
0.1724 
0.1557 
0.1724 
-
-
-
-
-
0.0999 
0.1213 
0.1428 
0.1642 
0.1857 
-
-
-
-
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Table 5.7 
0(t). Bt, TCobs), r(cal) VALUES AS A FUNCTION OF TIME FOR 
Mg2+ ON AMBERLITE IRC-718 AT DIFFERENT TEMPERATURES. 
Time 
(min) 
U(t) Bt 'r(Obs) r(Cal) 
Mg 2"^  - Na^ exchange at 10°C 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0.5000 
0.6600 
0.7500 
0.7500 
0.7916 
0.8300 
0.9160 
0.9160 
0.9900 
1.0000 
0.3010 
0.6200 
0.9050 
0.9050 
1.0730 
1.2800 
1.0110 
1.0100 
6.4110 
0.0296 
0.0602 
0.0885 
0.0885 
0.1064 
0.1271 
0.2003 
0.2003 
0.5107 
-
0.0169 
0.0265 
0.0699 
0.1134 
0.1568 
0.2003 
0.2477 
0.2872 
0.3306 
-
Mg 2"^  - Na"^  exchange at 30°C 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0.6150 
0.7302 
0.8460 
0.9230 
0.9230 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
0.5220 
0.8320 
1.4040 
2.0300 
2.0300 
oc 
"C 
<x: 
e<i 
e ^ 
0.0496 
0.0814 
0.1373 
0.2091 
0.2091 
-
-
-
-
-
0.0479 
0.0927 
0.1373 
0.1820 
0.2267 
-
-
-
-
-
220 
Time 
(min) 
U(t) Bt •r(Obs) ^(Cal) 
Mg 2 + Na"*" exchange at 40°C 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0.6538 
0.8460 
0.9230 
0.9610 
0.9610 
0.9230 
0.9230 
1.0000 
1.0000 
1.0000 
0.5940 
1.4040 
2.0300 
2.7200 
2.7200 
2.0300 
2.0300 
O C 
oC 
o C 
0.0586 
0.1374 
0.2091 
0.2746 
0.2746 
0.2091 
0.2091 
-
-
-
0.1061 
0.1412 
0.1763 
0.2115 
0.2466 
0.2318 
0.2878 
-
-
-
Mg^ "*" - Na"^  exchange at 50°C 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0.7400 
0.8800 
0.9630 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
0. 
1. 
2. 
OC 
OC 
oC 
O 
oC 
-c 
-<i 
8680 
6230 
7200 
0.0846 
0.1633 
0.2794 
-
-
-
-
-
-
-
0.078h 
0.1758 
0.2731 
-
-
-
-
-
-
-
dZl 
Table 5.8 
0(t). Bt. rioha), TCcal) VALUES AS A FUNCTION OF TIME FOR 
Ba^ "^  ON AMBKRLITE IRC-718 AT DIFFERENT TEMPERATURES. 
Time 
(min) 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
U(t) 
Ba2+ -
0,3300 
0.6600 
0.6600 
0.7500 
0.7916 
0.8300 
0-9160 
0.9160 
0.9160 
0.9160 
Bt TCObs) 
- Na"^  exchange at 10°C 
0.1147 
0.6200 
0.6200 
0.9050 
1.0730 
1.2800 
2.0300 
2.0300 
2.0300 
2.0300 
0.0112 
0.0582 
0.0582 
0.0860 
0.1037 
0. 1243 
0.1983 
0.1983 
0.1983 
0.1983 
r(Cal) 
0.0219 
0.0445 
0.0671 
0.0896 
0.1122 
0.1347 
0.1573 
0.1799 
0.2024 
0.2249 
Ba^ "^  - Na"*" exchange at 30 °C 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0.6086 
0.8260 
0.8690 
0.9130 
0.9600 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
0.6000 
1.2800 
1.5430 
1.9100 
2.7200 
"O 
•C 
oC 
oC 
-C 
0.0466 
0.1219 
0.1514 
0.1946 
0.2723 
-
-
-
-
-
0.0525 
0.1049 
0.1574 
0.2098 
0.2622 
-
-
-
-
-
•'U 
Time 
(min) 
U(t) Bt r ( O b s ) r ( C a l ) 
Ba^ "*" - Na"*" exchange a t 40°C 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
2 
4 
6 
e 
10 
12 
14 
16 
18 
20 
0.6818 
0.9000 
0.9545 
0.9600 
0.9910 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
Ba2+ -
0.7830 
0.9500 
0.9600 
0.9990 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
0.6750 
1.8000 
2.5000 
2.7200 
6.4110 
OC 
OQ 
oO 
00 
- Na exchange 
1.0280 
2.5000 
2.7200 
6.4110 
oO 
oO 
oO 
OO 
P C 
OC 
0.0651 
0.1799 
0.2600 
0.2723 
-
-
-
-
-
— 
at 50°C 
0.0997 
0.2509 
0.2723 
0.5157 
-
-
-
-
-
-
0.0709 
0.1684 
0.2659 
0.3348 
-
-
-
-
-
-
0.0942 
0.2212 
0.3481 
0.4751 
-
-
-
-
-
-
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Table 6.9 
0(t), Bt, 'yiobs), 'r(cal) VALUES AS A FUNCTION OF TIME FOR 
Ca2+ ON AMBERLITE IBC-718 AT DIFFERENT TEMPERATURES. 
Time 
(min) 
U(t) Bt n^(Obs) r(Cal) 
Ca^ "^  - Na"*" exchange at 10°C 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0.4160 
0.5000 
0.5833 
0.7080 
0.7500 
0.8300 
0.7500 
0.9160 
0.9160 
0.9160 
0.1990 
0.3010 
0.4380 
0.7650 
0.9050 
1.2800 
0.9050 
2.0300 
2.0300 
2.0300 
0.0187 
0.0286 
0.0418 
0.0718 
0.0863 
0.1246 
0.0863 
0.1984 
0.1984 
0.1984 
0.0052 
0.0275 
0.0497 
0.0719 
0.0942 
0.1164 
0. 1387 
0.1609 
0.1832 
0.2054 
Ca 2 + Na exchange at 30°C 
2 
4 
6 
8 ' 
10 
12 
14 
16 
18 
20 
0.5000 
0.6923 
0.7692 
0.8076 
0.8460 
0.9230 
0.9230 
0.9230 
0.9230 
0.1000 
0.3010 
0.7030 
0.9850 
1.1710 
1.4040 
2.0301 
2.0300 
2.0300 
2.0300 
oc 
0.0286 
0.0671 
0.0939 
0.1119 
0.1347 
0.2074 
0.2074 
0.2074 
0.2074 
-
0.0275 
0.0829 
0.1023 
0.1217 
0.1411 
0.1605 
0.1799 
0.1994 
0.2188 
-
i^ CO 
Time 
(miri) 
U ( t ) Bt f C O b s ) T ( C a l ) 
Ca 2 + Na exchange a t 40*^C 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0.7500 
0.8300 
0.8150 
0.9160 
0.9900 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
0 
1. 
1, 
2. 
4 
.9050 
2800 
.1710 
0300 
.1100 
0.0862 
0.1256 
0.1375 
0.1984 
0.3844 
-
-
-
-
-
0.0522 
0.1192 
0.1862 
0.2532 
0.3202 
-
-
-
-
-
Ca^"^ - Na"^ exchange a t 50°C 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0.7200 
0.8800 
0.9200 
0.9400 
0.9400 
0.9600 
0.9600 
1.0000 
1.0000 
1.0000 
0.7980 
1.6230 
2.0300 
2.3200 
2.3200 
2.7200 
2.7200 
0.0756 
0.1609 
0.2035 
0.2328 
0.2328 
0.2721 
0.2721 
-
-
0.1170 
0.1471 
0.1771 
0.2071 
0.2371 
0.2672 
0.2972 
-
-
~ 
u ^  U 
Table 5.10 
0{t), Bt, TCobs), l^cal) VALOES AS A FUNCTION OF TIME FOE 
Sr^ -^  ON AMBERLITE IRC-718 AT DIFFERENT TEMPERATURES. 
Time 
(min) 
U(t) Bt f(Obs) r(Cai) 
Sr^ "*" - Na"^  exchange at 10°C 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0.3300 
0.5000 
0.6600 
0.7500 
0.7500 
0.7900 
0.8300 
0.9160 
0.9600 
0.9600 
0.1147 
0.3010 
0.6200 
0.9050 
0.9050 
1.0730 
1.2800 
2.0300 
2.7200 
2.7200 
0.0112 
0.0286 
0.0584 
0.0862 
0.0862 
0.1032 
0. 1246 
0.1984 
0.2721 
0.2721 
0.0058 
0.0226 
0.0509 
0.0793 
0.1077 
0.1360 
0.1644 
0.1928 
0.2211 
0.2401 
Sr^ "*" - Na"*" exchange at 30 °C 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0.5450 
0.7272 
0.8636 
0.9090 
0.9090 
0.9500 
0.9500 
0.9500 
1.0000 
1.0000 
0.3820 
0.8320 
1.4680 
1.9100 
1.9100 
2.5000 
2.5000 
2.5000 
oo 
CO 
0.0353 
0.0781 
0.1475 
0.1900 
0.1900 
0.2508 
0.2508 
0.2508 
-
-
0.0623 
0.0932 
0.1262 
0.1582 
0.1901 
0.2221 
0.2540 
0.2859 
-
-
"IZ't 
Time 
(min) 
U(t) Bt T(Obs) r(Cal) 
Sr^ "*" - Na"*" exchange at 40°C 
2 
4 
6 
8 
10 
12 
14 
16 
18* 
20 
0.8080 
0.8690 
0.9130 
0.9560 
0.9560 
0.9560 
0.9560 
1.0000 
1.0000 
1.0000 
0.5000 
1.5430 
1.9100 
2.7200 
2.7200 
2.7200 
2.7200 
vO 
cO 
oC 
0.0466 
0.1517 
0.1947 
0.2631 
0.2631 
0.2631 
0.2631 
-
-
-
0.1057 
0.1393 
0.1729 
0.2065 
0.2401 
0.2737 
0.3073 
-
-
-
Sr^"^ - Na"^  exchange at 50°C 
2 
4 
6 
6 
10 
12 
14 
16 
18 
20 
0.8700 
0.8700 
0.9560 
0.9560 
0.9560 
0.9560 
1.0000 
1.0000 
1.0000 
1.0000 
1.5430 
1.5430 
2.7200 
2.7200 
2.7200 
2.7200 
o<? 
cO 
oO 
cO 
0.1525 
0.1525 
0.2631 
0.2631 
0.2631 
0.2631 
-
-
-
-
0.1630 
0.1883 
0.2136 
0.2388 
0.2642 
0.2894 
-
-
-
-
Effect of particle size: 
The effect of particle size on the kinetics of ion 
exchange for three different mesh sizes 35, 45 and 60 having 
the particle radii of 2.5 x 10 , 1.75 x 
1.25 X 10 cm were performed. 
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Table 5.11 
0(t). Bt VALUES AS A FONCTION OF PARTICLE SIZE FOR 
Cu^ "^  - N^ EXCHANGE ON AMBERLITE IRC-718 AT 30 ± 1°C 
Time 
(min) 
U(t) Bt Time U(t) 
(min) 
For Particle radius 2.5 x 10"^ Cm 
Bt 
2 
4 
6 
8 
10 
0.3300 
0.5000 
0.6100 
0.7200 
0.7200 
0.1147 
0.3010 
0.5000 
0.7980 
0.7980 
12 
14 
16 
18 
20 
0.7700 
0.7700 
0.8300 
0.8300 
0.8800 
0.9850 
0.9850 
1.2800 
1.2800 
1.6230 
For Particle radius 1.75 x 10 -2 Cm 
2 
4 
6 
8 
10 
0.4242 
0.5454 
0.6600 
0.7272 
0.8400 
0.1990 
0.3820 
0.6200 
0.8320 
1.3400 
12 
14 
16 
18 
20 
0.8400 
0.9000 
0.9000 
0.9700 
0.8400 
1.8000 
1.8000 
1.8000 
3.0100 
1.3400 
For Particle radius 1.25 x 10" Cm 
2 
4 
6 
8 
10 
0.4660 
0.8000 
0.8600 
0.9300 
1.0000 
0.2590 
1.1200 
1.4680 
2.1600 
00 
12 
14 
16 
18 
20 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
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oe 
oc 
oc 
oc 
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FigB.9. In f luence part ic le size on the ra te of C U ^ ^ - N Q * exchange 
at 30OC on Amber l i t e IRC -718 . 
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DISCUSSION 
Rate of exchange studies show that in the beginning the 
rate of exchange increases and after a period of 25 min it 
becomes constant indicating the attainment of steady state. 
•7 
According to Boyd et al mainly two potential diffusion 
processes are considered, "particle diffusion" where the 
interdiffusion of counter ions take place within the ion 
exchanger itself and "film diffusion" where the 
interdiffusion of the counter ion is in the adherent film. 
Particle diffusion controlled (PDC) phenomenotytis favoured by 
high metal ion concentration, relatively large particle size 
of the exchanger and vigorous shaking of the exchanging 
mixtures. Under these conditions the fractional attainment 
of equilibrium with time is given by the following 
expression (1) 
C - C + 
U(t) = ... (1) 
Co - Coo 
where* C^, C+ and Coo are concentration of the ions in the 
exchanger at time 0, t and infinite (i.e. at equilibrium). 
Experimentally the best distinguishing method between 
particle and film diffusion control is the interruption 
test . Thus this test was applied for Cu ions. Results are 
summarised in table 5.4 and plotted in fig. 5.2 these 
results show an enhanced rate after 10 min of interruption 
which indicates a momentery exchange rate after reimmersion 
and hence the rate should be controlled by particle 
diffusion. This is because the concentration gradients 
disappear in the particle during the interruption and on 
reimmersion are much greater than before at the surface. 
Therefore the experimental conditions were chosen 
accordingly to explain the particle diffusion mechanism. 
Kinetic parameters were obtained by a using the equation 
7 fi 
developed by Boyd et al and improved by Riechenberg . 
The U(t) values at different time intervals and 
different temperatures obtained for Cu^'*', Pb^ , Mg^ "*", Ca^'^ , 
2+ 2+ + Ba and Sr - Na , exchange are plotted in Fig. (5.3-5.8). 
These results show that the rate of exchange is directly 
proportional to the temperature. The curves also reveal that 
the uptake of ions is rapid initially then it becomes slow 
and finally reaches to a constant value with the increase of 
time. The results are analogous with that of Heitner and 
Markovits. 
As the particle diffusion is the rate determining step 
the following equation is valid. 
6 OC exp (-n^  Bt) 
F -- 1 - --• ^ ... (2) 
7f2 n=l n'' 
23/ 
7/-2 Di 
where B = ...(3) 
where r is the radius of the particle, Di is the effective 
diffusion coefficient of two exchanging ions inside the 
resin phase and t is the time. The typical Bt Vs t plots at 
four differents temperatures viz. 10, 30, 40 and 50"^ C for 
Cu^ "*", Pb^ "*", Mg^ "*", Ca^ "*", Ba^ "*", Sr^ "*" - Na"*" exchange given in 
figures (5.10-5.15) show that the rate of exchange is 
directly proportional to temperature. In all cases the plots 
of "B^ Vs t are linear passing through the origin. This 
further indicates that the rate determining step is through 
the particle at all temperatures studied. 
Particle size also has a marked effect on the rate of 
exchange. The U(t) values for Cu - Na exchange on 
exchanger particle of different sizes are plotted in Fig. 
(5.9) where as the results of Bt Vs t are given in table 
5.11 and plotted in Fig. (5.16). These results show that 
the rate of exchange is inversely proportional to the 
particle radius. Which is further confirmed by plot of B Vs 
l/r^ Fig. (5.17). The values of B as obtained from the 
slopes of the line in figure 5.16 (for different particle 
size) and are given in table 5.12. 
23o 
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Fig.5.17 Plot o f B v ^ 1 / r 2 fo r C u ^ ^ a t 30«>C 
W O ' 
TABLE 5.12 
B VALUES AS A FUNCTION OF PARTICLE SIZE AT 3ePC 
Cation r(Cm) B (min) 
Cu^"^ 0.0250 0.0800 
Cu^ -*- 0.0175 0.1100 
Cu^-^ 0.0125 0.2400 
From •the values of B and knowing the radii of the 
particle , the values of thie effective diffusion coefficient 
(Di) controlling the rate of exchange can be calculated by 
equation (3). Values of Di as per Bt technique are given in 
table 5.13. 
As conditions of the present system are approaching to 
infinite bath conditions GV >> CV (where G and C are the 
metal ion concentration in the solution and the exchanger 
phase respectively, while V and V are the volume of these 
phases^ therefore , the equation applicable to an infinite 
bath can be used here. 
The Nemst-planck equation can also be solved for the 
particle diffusion control ion exchange with the following 
additional assumption. The presence of colons in the ion 
2ib 
exchanger is neglected. The molarity of the fixed ionogenic 
groups in the exchanger remains unchanged and the individual 
diffusion coefficient remains constant. 
Thus a coupled inter-diffusion coefficient D^g given by 
D ^ D B (Z2 C ^ + Z2 Cg) 
__ A B 
Z- CA DA ^ Z2 Cg Dg 
A B 
is obtained. The value of D/\^g depends upon the relative 
concentration of the exchanging species (i.e. A and B) in 
the exchange phase (C^ and Cg) . For C^ << Cg the 
interdiffusion coefficient assumes the value of D^ and for 
Cg << C^ the value E^. A being the counter ion initially 
present in the exchanger phase. For the following reaction 
which occurred in our studies. A is replaced by Na and B by 
2 + M . Thus the exchange reaction is written as 
aNa"*" + M^ -^  • ^ 2Na'*" ^M^-*- ... (5) 
since initially C^ q^  >> C^, D^ g will assume the value of D^ 
because the ion present in smaller concentration has the 
stronger effect on the rate of inter-diffusion. 
Ztl 
On the basis of Nernst-planck equation the numerical 
results can be expressed by the explicit approximation 
U(T) = [1-exp (^ 2 (f^  (o<)r+ ±2 (oOr^ + fa ('•O'T^ )]^ /^  ..(6) 
DM t 
where 1* is half time of exchange = --z-
4 
<»< is the mobility ratio = ^ou^^' o^ ^^ ^^® particle radius. D^ 
is the inter-diffusion coefficient of the metal ion for uni-
bivalent exchange. The three coefficient f j^  ( <=<) . f 2 ( °<' ) 
and f3 i <=< ) are given as 
fi («< ) = - • 
f2 ('^  ) 
0.64 + 0.36o<0.668 
0.96-2.0 o< 0.4635 < 
U (-<)=' 
0.27 + 0.09o<' 1.14 K 
under the condition I < c< < 20 though <»< in all the cases is 
less than 1 but quite near to one so the actual values 
of «< are used and the values of f j^, f2 and f^ were 
calculated. 
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The values were calculated corresponding to each U(t) value 
(table 5.5-5.10) using equation (6). Plot of T Vs time gives 
the straight line passing through the origin Fig. 5.24-5.29 
with,slope S which gives the value of Di using equation (7) 
S = M / r 2 . . . (7 ) 
The values of - log Di were then plotted against 1/T 
which yields a straight line Fig. (5.33-5.35) for all the 
metal tons studied justifying the Arrhenius equation. 
Di = Do exp( Ea/RT) ^g^ 
The same equation is valid for the calculation of Do by Bt 
method Fig.(5.30-5.32). Thus the intercept and the slope 
values give the value of Do and Ea respectively. The values 
of De (effective diffusivity) were also calculated following 
a moving boundary or ash model using equation. 
^SO ^ p/r, 
t = [ 1-3 (l-x)^/-^ +2 (1-x)] ... (9) 
6 De CAo 
where t = time in min 
X = fractional conversion factor 
Ztii 
40°C 
o°c 
Time ( min ) 
Fig.5.24Plots of T vs t for Co^*- No* exchange 
at d i f fe rent temperoture on Annberlite 
IRC 718 under the condition of part ic le 
di f fusion . 
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Fig.5.25Plots of T v s t for Cu^^-No* exchonge 
ot different temperoture on Annberlite 
IRC 718 under the condition of porticle 
diffusion. 
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R = bead radius 
CgQ = Solution concentration 
CAQ = exchanger capacity 
The results plotted in fig (5.18-5.23) are in the form 
of straight lines confirming the mathematical model in good 
agreement. The values of Di or De as obtained from these 
methods are compared in table (5.13) at different 
temperatures for different cations. Results of table 5.13 
show ^  that De (effective diffusivity) of all the cations as 
per ash model is higher than the Di of cation calculated 
from Bt method and Nernst-Plank equation. Plot of - log Di 
vs 1/T (Fig. 5.36-5.38) gives the straight line. Intercept 
gives the value of Do (Table 5.14). It was observed that Do 
values have approximately the same order hence the validity 
of ash model or moving boundary model for this condition 
only. Hence, on an comprehensive view, in the case of 
chelate ion exchanger, Amberlite IRC-718 the exchange is 
governed by diffusion process primarily and the chemical 
exchange being very fast does not govern the rate 
determining step. These results are analogous to that found 
on Dowex-A-1. Therefore, for the calculation of other 
parameters the Ea and A S are calculated by Bt and Nernst-
planck equation and comparative values of these are given in 
Z51 
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Table 5.13 
VALUES OF Di (m^ sec~^) FOR VARIODS IONS AT DIFFERENT 
TEMPERATDRES ON AMBERLITE IRC-718 BY Bt METHOD, NESNST 
PLANCK EQUATION AND ASH MODEL. 
2o^ 
Metal 
ion 
Mg2^ 
6 
Ca2+ 
Sr2^ 
Ba2+ 
Cu2^ 
Pb2^ 
Temperat 
^C 
10 
30 
40 
50 
10 
30 
40 
50 
10 
30 
40 
50 
10 
30 
40 
50 
10 
30 
40 
50 
10 
30 
40 
50 
ure Di 
Bt 
5.95 
9.82 
1.65 
2.22 
4.91 
7.75 
1.65 
2.06 
4.65 
1.03 
1.55 
2.95 
5.15 
1.34 
1.94 
2.99 
2.56 
5.66 
7.24 
1.11 
4.29 
6.57 
7.99 
1.55 
m2 s-1 
method 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
10-12 
4 O 10-12 
10-1} 
10-11 
10-12 
10-12 
10-11 
10-11 
10-12 
10-11 
10-11 
10-11 
10-12 
10-11 
10-11 
10-11 
igri2 
10"?? 10-12 
10-11 
10-12 
10"J? 
10-12 
10-11 
Di m .2 s-1 
Nernst-
7.39 
1.19 
1.48 
2.24 
5.08 
7.78 
1.23 
1.54 
5.36 
9.19 
1.39 
1.86 
6.12 
1.38 
2.09 
2.86 
4.59 
5.87 
7.13 
1.02 
4.29 
5.08 
5.99 
1.05 
• X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
-plack 
10-12 
10-11 
10-1 
10-11 
10-12 
-to 10-12 
10-11 
10-11 
10-} 2 
10-12 
10-11 
10-11 
10-12 
10-11 
10-11 
10-11 
10-J 2 
10-?? 
10-12 
10-11 
10-?2 
10-?? 
10-12 
10-11 
De m2 • 
(Ash 
6.73 
3.48 
3.60 
1.95 
9.01 
5.49 
3.38 
2.62 
8.85 
4.53 
2.62 
2.22 
8.17 
4.02 
2.92 
2.23 
9.89 
6.81 
5.44 
4.53 
7.38 
6. 19 
4.69 
2.41 
. - 1 
Model) 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
10'c 
10-J 
10-^ 
10 ^  
10-5 
10-5 
10 5 
lers 
10-5 
10-f 
10-5 
10-5 
10-5 
10-5 
10-5 
10-5 
10-5 
10-5 
10-5 
10-5 
10-5 
10-5 
10-5 
10-5 
J j / 
Table 5.14 
COMPAHATIVE VALUES OF Do, FOB ALKALINE EAHTHS, Cu^* AND Pb^* 
ON AMBERLITE IEC-718 BY Bt METHOD. NERNST PLANCK METHOD AND 
ASH MODEL 
Metal 
i o n 
Mg^^ 
Ca2 + 
Sr2+ 
Ba2^ 
Cu2+ 
Pb2+ 
Do m^ s " ^ 
Bt method 
6 .31 X 10 -^^ 
1.26 X 10"^ 
3 .98 X 10"^ 
1.59 X 10"^ 
2 .82 X 10"^^ 
4 . 4 7 X 10"^^ 
Do m^ 
N e r n s t 
Method 
8 .91 
1.78 
5 .62 
3 .02 
3 .16 
7 .08 
X 
X 
X 
X 
X 
X 
P l a n c k 
10-10 
10-^ 
10-^ 
10-8 
10-10 
10-10 
Do 
Ash 
7 .94 
1.59 
6 . 3 1 
1.00 
7 .94 
8 .31 
m2 « - l m s 
Model 
X 
X 
X 
X 
X 
X 
10-10 
10-10 
10-^ 
ier8 
10-9 
10-10 
table (5.15). The entropy of activationAS was calculated 
by substituting Do values in equation 10. 
A S * 
Do = 2.72 d^ kT/h exp ( ) ... (10) 
R 
where R is the gas constant equal to 8.314 J/deg/mol. k is 
the Boltzman constant, h is Planck's constant, T is the 
absolute temperature taken as 273 K, d is the average 
distance between two successive positions in the process of 
diffusion (i.e. ionic jump distance) taken as 0.5 nm. The 
results of table 5.15 show that Do, Ea and A S values 
increase with the increase in ionic mobilities and ionic 
radii of the metal ions studied. The values obtained of the 
various physical parameters explain the exchange mechanism 
of Mg2\ Ba^^, Sr^ "*", Ca^"^, Cu^"^ and Pb^^ on this chelate ion 
exchange resin. Further Kd values in DMW observed earlier on 
this material are in the order (Table 5.3)1 
Cu2+ > Pb2+ > Mg2"*" > Sr2+ > Ba^ "*" > Ca^"^ 
but the mobility ratio and activation energies are in the 
order; 
Ba2+ > Sr2+ > Ca2+ > Cu^^ > Pb2+ > Mg^ "^  
On the basis of these results the selectivity and 
probability of exchange may, apparently, be defined for 
certain requirements. 
i^Jois 
Table 5.15 
COMPARATIVE VALUES OF Ea AND AS* FOR ALKALINE EARTHS, Cu^* 
AND *Pb2^ ON AMBERLITE IRC-718 BY Bt METHOD AND NEHNST 
PLANCK METHOD 
Migrating Ionic mobilitj^ ^ Ionic radius Ea A ^ 
ions (m^  v~^ s ^  IgP) (nm) (kJ mol"-^  ) (J deg mol ^  
Mg2+ 
Ca2+ 
Sr2+ 
Ba2+ 
Cu2+ 
Pb2 + 
5 .5 
6 .2 
6 . 2 
6 .6 
5 .7 
7 . 3 
0 . 0 7 8 
0 . 1 0 6 
0 .127 
0 . 1 4 3 
0 . 0 7 0 
0 . 8 4 0 
10 .63 
( 1 1 . 7 8 ) 
11 .97 
( 1 3 . 6 8 ) 
1 3 . 9 3 
( 1 6 . 2 3 ) 
20 .16 
( 2 1 . 2 6 ) 
11 .39 
( 1 5 . 2 0 ) 
10 .94 
( 1 1 . 9 7 ) 
- 7 2 . 5 8 
( - 6 9 . 7 1 ) 
- 6 6 . 8 4 
( - 6 3 . 9 6 ) 
- 5 7 . 2 6 
( - 5 4 . 3 9 ) 
- 4 5 . 7 7 
( - 4 0 . 4 1 ) 
- 7 9 . 2 8 
( - 7 8 . 3 3 ) 
- 7 5 . 4 5 
( - 7 1 . 6 2 ) 
The values in parenthesis are those derived from Nernst Planck 
equation. 
'i: 
.'aU 
LITERATORE CITED 
1. F.C. Nachod and W. Wood 
J. Am. Chem. Soc. 1944, 66, 1380. 
2. A. Schwartz, JA. Marinsky and KS-Spieger 
J. Phys. Chem. 1964, 68,918. 
3. Carla Heitner-Wirguin and G. Markovitz 
J. Phys. Chem. 1963,67^2263. 
4. R. Turse and W. Rieman III 
J. Phys. Chem. 1961, 65,1821. 
5. C. N. Reilley, R.W. Schmid and F.S. Sadek. 
J. Chem. Education 1959, 25,555. 
6. D. Reichenberg 
J. Am. Chem. Soc. 1953, 75,589. 
7. G.E. Boyd, A.W. Adamson and L.S. Myers 
J. Am. Chem. Soc. 1947, 69, 2836. 
8. T.R.E. Kressman and J.A. Kitchner 
Discussion Faraday Soc. 1949, 7, 90. 
9. R.M. Barver, R.F. Bartholomov and L.V.C. Raes 
J. Phys. Chem. Solids. 1961, 21,12. 
10. F. Helfferich, 
"Ion Exchange" McGraw Hill New York p. 270 (1962) 
11. M. Nativ, S. Goldstein and G.Schmucklcr 
J. Inorg. Nucl. Chem. 1975, 37, 1951-56. 
